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This review summarizes the cutting edge advances in the field of textile-based energy storage devices with

particular emphasis on the nature and preparation of electrode materials for both supercapacitors and

lithium ion batteries. Indeed, due to the overwhelming increase of the worldwide demand for high-tech

products, energy storage has become one of the most up-to-date debating topics. In this regard, and

considering also the well-known environmental issues often related to the fabrication of new energy

products, it is important for the scientific community to develop new electrochemical energy storage

systems based on eco-efficient synthetic processes and capable of serving the needs of the next

generation of electronics. To this end, textile-based energy storage devices are emerging as a viable

alternative to their conventional rigid counterparts. These devices have to be flexible, lightweight and

should be compatible with futuristic miniaturized electronic gadgets. We have discussed how

supercapacitors and Li-ion batteries are combined with textiles to realize flexible and wearable storage

devices. The most important parameters, both from the electrochemical and textile points of view, have

been taken into account in order to provide, as much as possible, a standard reference for comparing

different kinds of textile-based energy storage devices. These parameters include electrode fibers

configuration, fiber diameter, tensile strength, capacitance, charge/discharge capacity, Coulombic

efficiency and capacity retention. Furthermore, in this review textile electrodes have been classified into
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two categories, according to the fabrication strategies: bottom-up and top-down fabrication processes. To

conclude, the main aim of this review is to provide an organic outline of the recent research progress and

perspectives on textile-based energy storage devices.
1. Introduction

Traditionally, the textile industry is primarily concerned with
the design and production of yarn, cloth and their nished
products, for household and technical applications. Similar to
other production elds, it has found benets in the eld of
nanotechnology in a way of modifying or enhancing the prop-
erties of textile.1 Recent studies have been focused on either
producing/coating nanostructures during the manufacturing of
textile bers2,3 or functionalizing bers to acquire antibacterial
activity,4 superhydrophobicity5 and re resistive properties.6

Nanomaterials based on silver, silicon dioxide, titanium dioxide,
aluminum oxides, carbon nanotubes (CNT), carbon black, copper,
gold, polypyrrole and polyaniline are on the verge of being used in
textile industries for various applications.7 For example, rheolog-
ical and electronic properties of nylon have been dramatically
improved bymaking carbon nanotube/nylon composites.8 Table 1
summarizes some nanomaterials incorporated within textiles and
their main applications. Importantly for the present discussion,
some of the listed materials, such as graphene, carbon nanotube,
silicon oxide and zinc oxide, also provide capacitive or faradaic
properties essential for energy storage devices.

One of the main motivations for using nanomaterials within
the textile context is to integrate electronic circuits into exible
textile matrices. In fact, in the early stages, conventional rigid
electronic devices were directly attached to textiles, resulting in
a clumsy prototype with unreliable performance. It was evident
that merging a rigid electronic component with a so textile
matrix is a fundamental barrier halting such a product's way to
the consumer market. Therefore, this problem motivated
signicant research efforts to develop so electronics, sensors
and actuators for applications in exible devices which can also
emo Proietti Zaccaria is team
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t the Italian Institute of Tech-
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be utilized in wearable smart textiles. Indeed, some concepts
and prototypes of exible electronics have been demonstrated,
such as Jawbone UP,9 Nokia Morph10 and the iPhone exible
electronic device concept.11 Till now, these exible technologies
are, however, limited to cell phone applications and much
research is needed tomerge these technologies in a textile matrix
without compromising the performance and appearance of the
nal product. Needless to say, a textile hosting an electronic
device must need an efficient, lightweight and exible energy
storage device, which, ideally, would be in the form of a ber that
can be naturally integrated into future generations of textiles.

Batteries and electrochemical capacitors are twomainstream
energy storage devices widely used in almost every appliance of
daily life. The capability of storing energy strongly relies on the
properties of electrodes, including micro-architecture, conduc-
tivity and specic surface area. The pioneering work in the eld
of textile energy storage was presented by Baughman's group12

in 2002, where they used single wall carbon nanotubes
(SWCNTs) as a ber electrode to build a supercapacitor exhib-
iting specic capacitance and energy density of 5 F g�1 and
0.6 W h kg�1, respectively, for over 1200 cycles. In 2003, the
Neudecker group presented a concept of ber-based energy
storage and patented his work in the same year.13,14 Similarly,
Karayianni et al. patented three methods of making energy
active composite yarns based on spandex and nylon.15–17 To
date, different scalable production methods for bers based on
graphene18 and carbon nanotubes19 have been employed to
realize light weight and exible supercapacitors.20–27 However,
reports of ber-based lithium ion batteries are still scarce. The
reason lies in the usage of rigid active materials such as lithium
ion phosphate and graphite, which limits the application of
Table 1 Properties of nano-textiles achieved with different
nanomaterials137

Properties of nanotextiles Nanomaterial

Electro-conductivity Carbon black
Carbon nanotube
Copper
Polypyrrole
Polyaniline
Graphene

Increased durability Aluminum oxide
CNT
Polybutyl acrylate
Silicon dioxide
Zinc oxide

Moisture absorbent Titanium dioxide
Improved dyeability Carbon black

Silicon dioxide
Fire resistance CNT

Boroxosiloxane
Antimony ash

Heat conduction CNT
Vanadium dioxide

This journal is © The Royal Society of Chemistry 2016
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batteries in the textile context. Nevertheless, in 2005 theWallace
group reported the rst conductive polymer ber battery.28 In
particular, polypyrrole–hexauorophosphate (PPy/PF6) was rst
coated on a platinum (Pt) wire forming the cathode, followed by
the insertion of the wire into a hollow-core polyvinylidene
uoride (PVDF) membrane, which was wrapped by polypyrrole–
polystyrene sulfonate (PPy/PSS) coated with Pt wires, the latter
forming the anode. Finally, the overall structure was immersed
in a glass vial lled with 1 M lithium hexauorophosphate
(LiPF6) electrolyte solution. A battery capacity of 10 mA h g�1

over 30 cycles was achieved, a result which was later improved
by replacing PPy/PF6 with carbon nanotubes29 to obtain capac-
ities up to 20 mA h g�1. The Wallace method was, however,
affected by a main drawback, namely the use of toxic organic
solvents, which might be suitable for military applications but
surely not desirable for civil use. Regardless, it was the very rst
attempt towards high-performance ber-shaped lithium ion
batteries. Importantly, polymer electrolytes and less toxic active
materials were later introduced to overcome the mentioned
safety issues.30–32 Considering the very small number of proto-
type ber/textile based batteries proposed in recent years,33–36 it
can be argued that this research eld presents tremendous
margins for improvements, especially when compared to ber/
textile based supercapacitors. Indeed, research activity in the eld
of textile based energy storage devices is affected by the same
plague of material development which has been haunting energy
storage research for decades. Evenmore, the spectrum of suitable
materials becomes narrower when textile based batteries are
considered due to safety issues, biocompatibility, waterproong,
exibility, large scale production and compatibility with the
already existing textile technology. In this regard, most of the
textile materials are fabricated as single sheets, with thickness,
elasticity, and density determined by themethod of construction,
structure and yarn thickness. This presents a unique problem for
batteries and supercapacitors, typically comprising different
layers of materials, namely the current collectors, the active
materials and the separator. Therefore, these energy storage
devices would only be optimal for textile structures having suffi-
cient layering and thickness to accommodate their multilayer
characteristic. This is where designing a textile energy storage
device through the bottom-up approach can lead to unied
structures that incorporate all the current collecting, active
materials, separator and electrolyte in one piece of fabric.

Herein, we present a detailed review of recent progress and
challenges faced in the development of next-generation textile
energy storage systems. In particular, this work addresses
research from both the areas of textile and of batteries to utilize
textile platforms for energy storage applications by providing
fundamental knowledge in both elds.
2. Fundamentals of energy storage
devices
2.1. Lithium ion battery

A battery system consists of cells interconnected in parallel,
series or a combination of the two, depending on the specic
This journal is © The Royal Society of Chemistry 2016
application requirements. The individual component of
a battery, the electrochemical cell, is composed of two elec-
trodes, the anode (always the negative electrode) and the
cathode (always the positive electrode), a separator and an
electrolyte. A battery can be classied as primary (non-
rechargeable) or secondary (rechargeable). The lithium ion
battery (LIB) is the most common rechargeable battery with
a comparatively long lasting high energy density. Commercial
LIB anodes are mostly realized with graphite (about 80% of the
market) while common cathode materials include LiCoO2,
LiNiO2, LiMn2O4, LiNiMnCoO2, LiFePO4 and LiNiCoAlO2.
Industrially, both electrodes are produced from active materials
mixed with a small amount (3–5 wt%) of a polymer binder PVDF
and a small content (1–5 wt%) of conductive carbon additive
and cast on a metal current collector (aluminum foil for the
cathode and copper foil for the anode).37 The typical thickness
of a standard electrode, an important parameter to dene the
electrode performance, ranges from 60 to 100 mm. Usually, in
order to avoid short circuits, the electrodes are separated with
a porous electrically insulated membrane with a thickness of
15–25 mm, while electrolytes can either be a solid polymer or
a non-aqueous liquid that usually comprises a lithium salt
dissolved in various solvents, such as the ester, ether or
carbonate families. The difference between the electrochemical
potentials of the active materials denes the theoretical voltage
of the cell. The charge carriers in LIBs are lithium ions which
interact with the electrode active materials through three
different mechanisms: insertion/de-insertion, alloy/de-alloy
and conversion materials.38,39 The rst one, also known as an
intercalation/de-intercalation mechanism, is to date the most
commercially successful mechanism, mainly involving transi-
tion metal oxide cathodes and graphite anodes. During the
charging process of a complete lithium ion cell (see Fig. 1),
lithium ions migrate from the negative electrode (anode, e.g.
lithium-metal-oxide, where the metal can be manganese,
cobalt, iron, etc.) towards the positive electrode (cathode, e.g.
graphitic carbon) by the oxidizing anode producing an equiva-
lent number of electrons. Meanwhile, these electrons travel
through an external circuit to the positive electrode where
reduction occurs (e.g. LiC6 is formed from graphitic carbon: this
is not a spontaneous process). Here follows the schematic of the
described charging mechanism for a complete cell:

ðAnodeÞLiMO2 �������!oxidation
Li1�xMO2 þ xLiþ þ xe�

yCþ xLiþ þ xe� �������!reduction
LixCyðCathodeÞ

The process is reversed while discharging (graphite becomes
the anode and the lithium-metal-oxide becomes the cathode)
where LiC6 releases lithium ions which migrate through the
electrolyte and rejoin the metal-oxide to produce LiMO2. The
discharge process can be schematized as:

ðAnodeÞLixCy �������!oxidation
yCþ xLiþ þ xe�
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16773
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Fig. 1 Charge–discharge process of a lithium ion cell using graphite and LiCoO2 electrodes.
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Li1�xMO2 þ xLiþ þ xe� �������!reduction
LiMO2ðCathodeÞ

It is worth mentioning that, irrespective of the charge and
discharge process, oxidation occurs at the anode, which is
always referred as the negative electrode. Likewise, reduction
occurs at the cathode, which is always the positive electrode.

The majority of galvanostatic cycling measurements pre-
sented in the scientic literature are, in fact, conducted in
half-cells where lithium metal acts as negative electrode and the
material to be tested is always positive. In this case, the fully
charged working electrode comprises only a metal-oxide or
carbon while a fully discharged electrode is a lithiummetal-oxide
or LiC6. For example, LiCoO2 when used as an electrode against
lithium-metal, initially exists in a discharged lithiated state
(LiCoO2) and it needs to be charged by releasing lithium ions. On
the other hand, when a carbon electrode is used against the same
metal-lithium, it initially exists in a lithium-free state which
needs to be lithiated. Hence, care must be taken while assigning
to a certain material the role of anode or cathode.
2.2. Parameters for the evaluation of cell/battery
performance

The basic parameters in the evaluation of the performance of
a cell/battery include storage capacity and capacity retention,
cell voltage, energy density, power density, cycle life and Crate.

The storage capacity Cst of an electrode material is deter-
mined by the ability of the active material to uptake Li ions. It is
oen reported as specic or gravimetric capacity, areal capacity
or volumetric capacity and commonly reported in units of mA h
g�1, mA h cm�2 and mA h cm�3, respectively. It is important to
discuss the difference among these denitions as they describe
slightly different aspects related to the storage capacity.

The gravimetric capacity is obtained by referring to the mass
of the active material. Importantly, a high gravimetric capacity
(mA h g�1) does not guarantee a high performance of the
electrode, which instead can be achieved if the electrode is
16774 | J. Mater. Chem. A, 2016, 4, 16771–16800
characterized also by a high mass loading. Indeed, very good
gravimetric capacity can be obtained even by coating a thin layer
of electrode material. High mass loading (large thickness of the
electrode) is, however, a challenge as it is determined by the
combination of good uniformity, mechanical stability, adhe-
sion, and high ionic and electronic conductivities, all of which
affect the overall performance of the battery system. In this
regard, a more effective unit for measuring the storage capacity
is mA h cm�2, which also accounts for the mass loading/
thickness of electrode material. Finally, for commercial appli-
cations, the volumetric capacity becomes more important as it
is measured in charge per volume (mA h cm�3) and account for
specic capacity, mass loading, and the thickness of the elec-
trode. An important aspect related to the capacity storage is the
capacity retention, meaning how well a cell/battery can hold the
accumulated energy upon cycling. In general, the higher the
capacity retention, the better the performance of the battery.

Aer nding the storage capacity of the electrode, it is quite
straightforward to calculate both the energy and the power
density of the cell, the former being the product between the cell
voltage (i.e., the voltage difference between the two electrodes)
and the capacity measured in W h kg�1/W h cm�2/W h cm�3,
the latter obtained from the product between the capacity and
the current, the result measured in W g�1, W cm�2 or W cm�3.
Their physical meaning is related to the capability of the battery
to provide energy for long time (energy density) and to accom-
modate power peak requirements (power density) which,
translated into the language of the automotive industry, means
how far an electric car can go on a single charge and how fast
the same car can go, respectively. These two quantities are
typically plotted together in the so called Ragone plot.40

Due to their contribution to the energy density, the electrode
potentials are surely important ingredients determining the
performance of the cell/battery. In a full lithium ion cell, a lower
anode potential vs. Li/Li+ and a higher cathode potential vs.
Li/Li+ result in a high cell voltage, and hence a higher energy
density. However, while testing anodes in a half cell, if the
electrode potential is brought too close to 0 V versus Li/Li+, it
This journal is © The Royal Society of Chemistry 2016
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may lead to Li dendrite formation (i.e. possible battery short
circuits) aer multiple cycles, hence negatively affecting the
performance of the electrode material being tested. Therefore,
the electrochemical performance of materials with lower
potentials (such silicon, 0.2–0.4 V vs. Li/Li+) is only reliable for
a few cycle numbers. Additionally, an electrode potential close
to 0 V vs. Li/Li+ can be responsible for electrolyte reduction
(LiPF6 in carbonates), forming a solid electrolyte interface (SEI,
an insulating layer formed over the active material) which in
turn determines an increase of the overall resistance of the cell.

Another important parameter is the Crate, which can be
dened as the theoretical number of hours required for
a complete charge or discharge of a cell/battery, reported in nC.
For example, 1/2C (slower charging/discharging) denotes
a charge rate at which the electrode will be charged from 0 to
full capacity in 2 h, while 2C (fast charging) denotes that the
electrode is charged in half an hour. Alternatively, the current
density J can be used to dene the charge/discharge rate. The
current density J is, indeed, measured in mA g�1, namely the
current is normalized with respect to the amount of material
used in the electrode. Conversion from one parameter to
another can be achieved through the formula:

Crate ¼ J½mA g�1�
C½mA h g�1� ¼

�
1

h

�
(1)

where the gravimetric theoretical storage capacity Cst,grav can be
calculated according to the following equation:

Cst:grav ¼ Fx

3:6ðM:MÞy (2)

here F is the Faraday constant, x is the number of moles of
electrons, M.M is the molecular mass of the material to be
tested and y is the number of moles of the active material.

Although the value of the storage capacity depends on the
nature of the active material, it may differ between lithiated and
de-lithiated states. For example, the volumetric theoretical
capacities of silicon in lithiated and de-lithiated states are 2370
Table 2 Essential parameters for testing the performance of a lithium io

Parameters Measuring unit Measu

Operating voltage Volts (V) Instru
Current density mA g�1 Instru
Theoretical capacity mA h g�1

TC ¼
Gravimetric capacity mA h g�1

C ¼ I

Areal capacity mA h cm�2

C ¼ I

Volumetric capacity mA h cm�3

C ¼ I

Energy density W h g�1 or W h cm�2 or W h cm�3 E ¼ C
Power density W g�1 or W cm�2 or W cm�3 P ¼ I
Crate h�1

Crate ¼
Coulombic efficiency N/A

%E ¼

This journal is © The Royal Society of Chemistry 2016
and 9660 mA h cm�3, respectively. Their ratio provides impor-
tant information called volume expansion, which represents the
actual expansion of the active material upon lithiation condi-
tions (for silicon it is about 400%). The greater the value of the
volumetric expansion, the more will be the structural instability
hampering the performance of the material, causing a low cycle
life, which is another critical parameter dening the perfor-
mance of a cell. Other parameters of interest include the effect
of temperature on charging kinetics and electrode stability.
Qualitative features, such as affordability and safety consider-
ations, should also be taken into account, particularly for large-
scale applications where these issues become more problem-
atic. Table 2 lists the essential parameters generally used to
check the performance of a cell.
2.3. Supercapacitors and pseudo-capacitors

Similar to batteries in design and manufacturing, super-
capacitors/pseudo-capacitors are another kind of energy storage
device consisting of two electrodes, an electrolyte and a sepa-
rator. However, capacitors and batteries differ in the mecha-
nism of energy storage, where the latter involves a relatively slow
faradaic reaction and the former is instead based on the two
mechanisms of electrical double layer capacitance (EDLC) and
pseudocapacitance. The nal result is that while batteries are
more suitable for applications demanding a high energy storage
capability, capacitors are more oriented to satisfy the demand
from high power applications. In particular, EDLC works on the
principle of separating charge at the interface between the
conductive electrode and electrolyte without a faradaic reac-
tion.41 Themechanism of surface electrode charge generation in
EDLC includes surface dissociation as well as ion adsorption
from both the electrolyte and crystal lattice defects.42 For
example, in the case of the carbon electrode, charges are accu-
mulated on the electrode surface, and electrolyte ions with
counterbalancing charge are built up at the electrolyte side in
order to meet electro-neutrality. The energy stored by EDLC
n cell

ring formula Information

mental Energy density and safety
mental For testing rate capabilities

F � x

3:6�M:M� y

Lithium ion storage capability

ðmAÞ � tðhÞ
mðgÞ

Li+ storage capability measured per unit mass

ðmAÞ � tðhÞ
Aðcm2Þ

Li+ storage capability measured per unit area

ðmAÞ � tðhÞ
Vðcm3Þ

Li+ storage capability measured per unit volume

� V How much energy can be extracted
� V How fast the energy can be extracted

JðmA g�1Þ
CðmA h g�1Þ

Rate of charging/discharging

Ccharging

Cdischarging
� 100

Reversible capacity

J. Mater. Chem. A, 2016, 4, 16771–16800 | 16775
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strongly depends on the available surface area for ion adsorp-
tion and conductivity which affect the transport of electrons and
ions. Therefore, materials such as activated carbon, meso-
porous carbon, carbon nanotubes and graphene are oen used
as electrodes to obtain a higher EDLC. Despite excellent cycling
stability, these materials suffer from a very low energy density
due to the limited specic capacitance of carbonmaterials.42 On
the other hand, the pseudocapacitance mechanism is a faradaic
process (the same as that occurring in batteries), but with faster
reversible surface redox reactions than in battery systems, with
the intercalation or electrosorption process happening at or
near the surface of the electrode materials (see Fig. 2). Due to
their faradaic properties, the energy density area is higher than
that of EDLC based capacitors but they maintain fast rate
capabilities. Materials undergoing such a type of redox reaction
include conducting polymers and several metal oxides, such as
RuO2, MnO2, and Co3O4. The capacitance of a pseudo-capacitor
can be 10–100 times higher than the electrostatic capacitance of
an EDLC.43 However, pseudo-capacitors usually suffer from
a relatively lower power density than an EDLC because faradaic
processes are normally slower than non-faradaic processes.44

Moreover, it is worth mentioning hybrid capacitors, namely the
combination of a faradaic battery-type electrode coupled with
a capacitive electrode in a two-electrode module (termed an
asymmetric capacitor).
2.4. Parameters for the evaluation of supercapacitor/pseudo-
capacitor performance

The most important parameters for testing the performance of
supercapacitors are energy and power density, dened as E ¼
1/2CV2 and P¼ 1/4V2/Rs, respectively, where C is the capacitance
and V is the voltage while Rs is the resistance of the capacitor. It
is evident from the two mathematical expressions that the
energy and power densities of a capacitor can be improved by
increasing the capacitance and/or the voltage while lowering the
internal resistance. Due to the quadratic relation between
voltage and energy/power densities, it is clearly more effective to
increase the voltage rather than increase the capacitance in
order to improve both E and P. The voltage depends on the
nature of the electrode materials as well as on the potential
windows of the electrolyte used. (Each electrolyte can work in
Fig. 2 Comparison between double layer capacitor, pseudo-capacitor a
of the Royal Society of Chemistry.

16776 | J. Mater. Chem. A, 2016, 4, 16771–16800
specic voltage windows; outside the assigned window, the
electrolyte starts degrading.) The most common organic elec-
trolytes are tetraethylammonium tetrauoroborate (TEABF4) in
either propylene carbonate (PC) or acetonitrile (AN). Common
aqueous electrolytes are basic and acidic. In addition, organic
electrolytes are currently used in commercial supercapacitors
due to their wider electrochemical window, about 2.7 volts as
compared to about 1 volt for aqueous electrolytes,45 hence
providing high power and energy density. The theoretical

capacitance in a capacitor is given by CT ¼ A3
4pd

, which implies

that electrodes with a high surface area (A) and permittivity (3)
would have a high capacity, while the distance (d) between the
electrodes is inversely related to the capacity. An experimental
way of calculating the capacitance is given by the expression

CE ¼ I
dV=dt

, where I is the current and dV/dt is the slope of

charge/discharge curve plotted between voltage and time. It is
important to mention that energy and power densities can be
reported in terms of mass, area and volume, which results in
gravimetric (W h kg�1, W kg�1), areal (W h cm�2, W cm�2), or
volumetric (W h cm�3, W cm�3) energy density and power
density, respectively. Generally, if the purpose is to report the
overall performance of assembled supercapacitors/lithium ion
batteries, it is recommended to calculate the energy and the
power based on the total mass/area/volume of the super-
capacitor instead of just the working electrode as this provides
a clear idea of their potential industrial applications.

Overall, the various performance metrics discussed above
indicate that the energy and power of supercapacitors are
mainly determined by their cell capacitance, operating voltage
window and cell equivalent series resistance.
3. Textile fabrics and their
classification

Textile or textile fabric is a thin exible sheet produced by
entangling or interlacing ‘yarns’ using various procedures
including weaving, knitting, crocheting and braiding.46 In turn,
yarns are continuous strands made of ‘ber’, while each ber is
made up of millions of polymeric chains with discrete chemical
nd lithium ion battery. Reprinted from Jost et al.138 with the permission

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Classification and processing of a fiber. (Left) Fiber classification based on the source of origin and chemical structure. ‘P’ represents
protein based fibers while ‘C’ represents cellulose based fiber. (Right) Main steps involved in processing fibers into a textile product.
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structures (Fig. 3). Usually, the polymeric chains found in bers
have a denite chemical sequence which repeats itself along the
length of the molecule.

According to their sources, bers are classied either as
natural or man-made. The former ones include protein bers
(wool and silk), cellulose bers (cotton and linen) and mineral
bers (asbestos). Man-made bers are instead either prepared
by chemical synthesis followed by ber formation (synthetic
bers) or from natural bers which are chemically treated/
regenerated to form a ber with the required properties. The
synthetic bers include polyamides (nylon), polyesters, acrylics,
polyolen, vinyl, and elastomeric bers, while the regenerated
bers include rayon and cellulose acetate ber. In particular, in
the past decade carbon nanotubes12,47,48 and graphene18,49–51

based bers that show acceptable strength and exibility have
been developed. The method to produce these kinds of bers is
known as coagulation spinning, introduced for making Kevlar,
acrylic and polyacrylonitrile (PAN) bers.52 These bers are then
twisted to make yarn and further knitted, weaved or braided to
produce the nal textile product which will be discussed later in
this review along with their electrochemical applications.
Furthermore, yarns can be twisted together to form ner yarns.
The process is known as plying and the yarn is known as plied
yarn or thread. However, not all bers are suitable for yarn
based electrochemical storage devices, like corn silk or wood
slivers, as they must have suitable properties to withstand harsh
This journal is © The Royal Society of Chemistry 2016
conditions during the manufacturing process.53 Therefore, we
shall discuss the fundamental properties required for a ber to
obtain a fully functional textile along with its suitability for
energy storage applications.
3.1. Properties of energy storage bers

General considerations on a textile fabric imply that the brous
materials must have adequate properties including ber length
to width ratio, uniformity, strength and exibility, elasticity,
and ber cohesiveness. In this section we will discuss, however,
only the properties which relate to the use of bers in energy
storage applications.

Morphologically, textile bers may be staple or lament.
Staple bers are relatively short, measured in millimeters or
inches while lament bers are relatively long, measured in
meters or yards.54 In the context of coating active electrode
materials on a ber substrate, synthetic bers/lament bers
are comparatively advantageous to their natural short counter-
parts as they can be customized according to the need.

Another important property of a ber or yarn is its mechan-
ical strength, also termed as tenacity, and dened as the force
needed to break a ber expressed in linear density units.
Industrially, it is indeed expressed in gram/denier or gram/tex.55

Differently, when measured in force per unit area, the
mechanical strength is termed tensile strength and it is
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16777
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expressed in Pascal, the most common unit used in the eld of
textile batteries. Traditionally, a single ber strength of 5 g per
denier is considered suitable for most textile applications
(Fig. 4), although some bers with strengths of 1 g per denier
have been found suitable for various textile applications.53

Additionally, ber must be sufficiently exible to go through
repeated bending without signicant strength deterioration or
breakage of the ber. Without adequate exibility, it would be
impossible to convert bers into yarns and fabrics, since exing
and bending of the individual bers is a necessary part of this
conversion. As far as dimensions are concerned, the diameter of
bers should be 1/100th of their length for further processing,
like yarn formation and weaving.54 Contrary to natural bers,
man-made bers can be tailored depending on the shape and
dimensions of the orice through which brous material is
forced to pass during spinning.56 Moreover, a sufficient
uniformity in size and shape is required for the formation of
strong and smooth yarn, and hence coating materials and/or
coating techniques have to fulll the prerequisites of fabric
processing in terms of smoothness. In the case of woven fabrics,
bers along with coating material must be capable of adhering
to one another when spun into a yarn. Again, long-lament
bers, by virtue of their length, can be twisted together to give
stability, making them useful for battery applications.

Absorption and desorption properties of bers (i.e. how
effectively a ber can absorb or release the solvent which, in
turn, contains the ions) play an important role in determining
the areal mass loading of electrode materials and can be
calculated in terms of percent absorption. Different chemical
structures of the ber polymer (hydrophobic or hydrophilic)
provide an opportunity to use different solvents to prepare the
electrode material. However, the properties of the coating
materials may affect the moisture absorbing properties of the
textile product, hence limiting its use for applications
demanding efficient transfer of the body moisture into the
environment.57

An important technical limitation hampering an integrated
textile energy storage device is that most of the common
garments, like shirts and jeans, are typically fabricated as single
sheets, with their thickness, elasticity, and density determined
by their method of construction, structure and yarn thickness.
This brings the unique problem in devising a thin textile battery
which itself comprises thin current collectors, electrode
Fig. 4 Required properties for textile fibers to be used as energy
storage devices (5 g per denier is approx. 300 MPa).

16778 | J. Mater. Chem. A, 2016, 4, 16771–16800
materials and separators. Therefore, outerwear garments like
jackets, rain coats and especially military outerwear, which are
made of multiple layers, are presently the only option to
accommodate the current designs of textile batteries.

4. Design strategies for textile based
energy storage devices: bottom-up
and top-down approaches

In the present review we shall divide the strategies for making
textile batteries and super/pseudo-capacitors into two main
groups, here named bottom-up and top-down approaches. In
particular, in the bottom-up approach either existing natural
bers are transformed into conductive electrodes or conductive
materials are used to fabricate ber electrodes. These ber
electrodes can be woven to fabricate a ‘Yarn Battery’, which
subsequently can be turned into a full energy storage textile.58,59

Some of the inherent limitations of this approach lie in the
thickness, electrical resistance and tensile strength of these
bers. Indeed, knitting and weaving machines usually impose
an input tensile stress of 2–4 MPa which may induce fractures
due to friction among yarns and mechanical parts. On the other
hand, increasing the strength of the bers may decrease or
increase their conductivity, and therefore the optimum balance
between tensile strength and conductivity must be identied.

Differently from the bottom-up approach, the top-down
approach transforms a nal textile product (see Fig. 3) into an
energy storage device. One of the main advantages of this
approach lies in the intrinsic rough surface of textile materials
which can deliver an ideal platform for energy storage appli-
cations where large surface areas are preferred for high mass
loading. Due to the generally non-conducting nature of textile
substrates this approach utilizes a two-step process: (1) coating
a conductive layer on a ready-made textile, (2) deposition of
active material onto the surface of the conductive textile for
higher capacities. Both steps can be performed using various
depositing strategies which already exist in the textile
industry.60 The rst step is particularly important due to the fact
that conductance of the textile is proportional to both the
nature of the deposited conductive layer and to its thickness.61

Starting from our classication for designing a textile based
energy storage device (Top-down and Bottom-up), we shall
discuss the state of the art strategies used by different research
groups and compare the achieved electrochemical perfor-
mances based on various parameters, including mass loading,
tensile strength, conductivity and capacity.

4.1. Bottom-up approach

4.1.1. Graphene ber-based supercapacitors and batteries.
Graphene is currently one of the promising candidates for
engineering ber-based energy storage devices due to its elec-
trical conductivity and high intrinsic tensile strength of
25 000 cm2 V�1 s�1 and 130 GPa, respectively.62–64 There are
mainly two ways of applying graphene in textile electronic or
textile energy storage devices. The rst approach is to coat gra-
phene or graphene oxide on a pristine textile ber (like cotton,65,66
This journal is © The Royal Society of Chemistry 2016
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nylon,67 polyester68 and silk30), while the second approach is to use
graphene/graphene oxide as starting material for ber formation.
The former approach seems, however, not able to provide
a uniform and smooth coating, which is an essential requirement
for ber/yarn processing. Indeed, the second approach, based on
a graphene liquid crystalline-wet-spinning technique,18 is
becoming a reliablemethod to obtain continuous graphene bers
(GFs) as monolaments, tows and yarns. The process follows
some basic steps outlined as: (1) extruding liquid crystals into
coagulation baths with a uniaxial ow; (2) phase transition by
coagulation with solvent exchange; (3) solidication by evapo-
rating the solvent; (4) chemical and/or thermal reduction.69 This
method has the capability of producing large scale graphene
bers with a tensile strength of 140 MPa and conductivity of
25 000 S m�1. From the work of Z. Xu and C. Gao,18 graphene
based bers have undergone signicant development,24,50,70–73

thus demonstrating advantages with respect to other carbon
based materials regarding strength (0.1–0.5 GPa), exibility, low
weight (0.1–2 g cm�3) and electrical conductivity (>104 S m�1),
making them very suitable for high performance electronic
textiles.20

The rst attempt at using wet-spinning technology to fabri-
cate GFs for energy storage applications was proposed by Huang
et al.70 Several meters of graphene bers were wet-spun in
a coagulation bath of CaCl2 aqueous ethanol solution followed
by chemical reduction with hydrazine. Fibers of 35 mm and
100 mm diameter were obtained using hydrogen iodide (HI) and
dihydrogen dihydride (N2H4) reduction protocols and showed
electrical conductivity of 10 000 S m�1 and 700 S m�1, respec-
tively.70 A parallel conguration was used to assemble super-
capacitors providing specic capacitance of 2.5 mF cm�2 and
3.3 mF cm�2 at 0.1 mA cm�2 for N2H4 and HI graphene bers,
respectively. The capacitive properties of HI based graphene
bers were then enhanced by coating a conductive polymer of
polyaniline (PANI) which led to a specic capacitance of 66.6 mF
cm�2 at 0.1 mA cm�2 which was reduced to 31.5 mF cm�2 at 1
mA cm�2.

By using the same wet spinning technology, Kou et al.74

proposed another wet spinning assembly strategy capable of
producing electrolyte-wrapped graphene bers in a core–shell
conguration. The authors claimed that their strategy could
overcome the inherent limitation that graphene bers short
circuit when they are close one another in a capacitor. In
particular, aqueous graphene oxide (GO) liquid crystals and
carboxymethyl cellulose (CMC) aqueous solution were
synchronously injected into a coagulating bath of ethanol/water
(5 : 1 v/v) solution with 5 wt% CaCl2 to produce GO@CMC
core–shell bers. The following step was acid reduction to
fabricate 100m long exible rGO@CMC bers with conductivity
reaching 7000 Sm�1 whenmeasured from their two extremities,
while being completely insulated when measured from the
CMC side. Moreover, both the core diameter and the shell
thickness of the GO@CMC ber could be adjusted either by
changing the concentration of GO and CMC or the outow
spinning velocity. Finally, a yarn based rGO@CMC supercapacitor
was prepared by tightly intertwining two coaxial bers followed by
coating a layer of phosphoric acid/polyvinyl alcohol (H3PO4/PVA)
This journal is © The Royal Society of Chemistry 2016
gel electrolyte as the ion source, the result giving a capacitance of
127 mF cm�2 at a current density of 0.1 mA cm�2. However, the
capacitance decreased quickly to 30 mF cm�2 upon an increase of
the current density from 0.1 to 0.5mA cm�2, followed by a gradual
decrease to 10 mF cm�2 at a current density of 1.0 mA cm�2.

Wallace's group22 has recently reported multifunctional
graphene oxide and reduced graphene oxide (rGO) bers and
yarns with robust mechanical properties (Young's modulus
equal to 29 GPa for rGO), high native electrical conductivity
(2508 S m�1 for rGO) and remarkably high specic surface area
(2605 m2 g�1 GO and 2210 m2 g�1 rGO). In their approach, large
graphene oxide sheets were prepared using an improved
Hummers' method, followed by wet spinning in an acetone
bath to produce GO bers and yarns. To increase the conduc-
tivity, as-synthesized GO bers were reduced and used as free
standing supercapacitor ber electrodes, with 1 M H2SO4 elec-
trolyte, showing a remarkable capacitance of 409 F g�1 at
a current density of 1 A g�1 for 5000 cycles and continued to
provide outstanding EDL capacitance (56 F g�1) at a current
density of 100 A g�1. The device power and energy densities
were found to be 25 kW kg�1 and 14 W h kg�1, respectively. The
authors demonstrate that the key to produce high capacitive
bers and yarns is to preserve the large sheet size of graphene
oxide even aer its reduction, while simultaneously maintain-
ing a high interlayer spacing in between the graphene sheets.
This strategy maximizes the number of covalently bonded
carbon atoms per unit volume or mass and signicantly reduces
the number of foreign atoms attached to the graphene sheets,
and hence results in a remarkable electrochemical
performance.

A facile strategy for producing graphene-based bers was
proposed by Dong et al.75 who used a glass pipeline of 0.4 mm in
inner diameter to accommodate aqueous GO suspension of
8 mg mL�1, followed by a baking procedure at 230 �C for 2 h.
The result was a 63 cm long graphene-like ber of 33 mm
diameter (aer drying) showing a tensile strength and
conductivity of 180 MPa and 10 S cm�1, respectively. Using this
facile but small scale approach, Meng et al.76 designed and
fabricated a unique all-graphene core–shell ber, where the
graphene-like core75 (30 um diameter, 180 MPa tensile strength
and conductivity of 10 S cm�1) was electrochemically covered
with a shell of a 3D porous graphene framework to fabricate
a GF@3D-G ber. The high electronic conductivity of this
kind of ber could provide a exible electrode for efficient
ber-based supercapacitors. These electroactive bers were,
indeed, intertwined and solidied in the H2SO4–PVA gel elec-
trolyte for the formation of an all-solid-state ber supercapacitor
with an area-specic capacitance in the range 1.2–1.7 mF cm�2/
25–40 F g�1 at a scan rate of 30 mV s�1 for 500 cycles. The energy
and power densities of the as-prepared supercapacitor were
found to be 0.4–1.7� 10�7 W h cm�2 and 6–100� 10�6 W cm�2,
respectively. One of the advantages of this 3D-porous shell is the
high surface area for charge storage along with the high mass
loading of active materials to be applied to faradaic super-
capacitors or lithium ion batteries. Therefore, the same group
electrodeposited MnO2 on the surface of the graphene shell to
obtain a high capacitive exible GF@3D-G@MnO2 yarn.21 These
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16779
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yarns were prepared by using their previous method while MnO2

nano-owers were electrodeposited onto the graphene sheets of
GF@3D-G in a three-electrode system inside an aqueous solution
consisting of 1 M Na2SO4 and 0.1 M MnSO4 with different
deposition times. The authors suggested that the graphene shell
acted as conductive scaffold for the high mass loading of the
additional pseudo active material (MnO2). Similar to their
previous approach, the exible all-solid-stateber supercapacitor
was assembled by intertwining two MnO2/G/GF electrodes using
H2SO4/PVA gel as the separator. This time, the area-specic
capacitance increased to 9.1–9.6 mF cm�2/34–36 F g�1 at
100 mV s�1 even aer 1000 cycles, which exceeds their
previous results with GF@3D-G yarns.

Similarly, Zhao et al.20 reported another kind of coaxial ber
supercapacitor consisting of an all-graphene-based ‘core and
shell electrode’ separated by PVA gel (Fig. 5). The core graphene
electrode ber was prepared using a wet spinning method to
obtain core bers of various diameters (10 to 100 mm). Instead
of electrochemical deposition, they used a simple dip-coating
method to form a 3D-outershell sheath structure (50 mm thick
aer 5 cycles) of graphene oxide followed by its reduction in
hydrochloric acid and ethanol. The intrinsic conductivity of the
core electrode was measured as 60 S cm�1. The as-prepared
co-axial graphene based supercapacitor showed a capacitance
of 208.4 mF cm�2/182 F g�1/4.63mF cm�1 at a current density of
1.1 mA cm�1 for 10 000 cycles. In terms of capacitance, the
authors concluded that coaxial structure is 1.5 times better than
that of the same material tested under parallel alignment.
Fig. 5 (a) Schematics of the steps involved in the process of GF@3D-G ya
of gravimetric capacity with increased current density. (d) Capacitive per
permission of the Royal Society of Chemistry.
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Finally, the corresponding area specic power density and energy
density were found to be 819 mW cm�2 and 17.5 mW h cm�2,
respectively. To improve the energy density by working in an
extended voltage window, a polymeric electrolyte gel (1-ethyl-3-
methylimidazolium tetrauoroborate (EMIMBF4)/polyvinylidene
uoride-co-hexauoropropylene (PVDF)/DMF) was used to ach-
ieve a capacitance of 131 mF cm�2 at 10 mV s�1, corresponding
to and energy density of 104 mW h cm�2.

In another work, Hu et al.73 employed a different approach to
build a supercapacitor made of a single graphene ber with
a diameter and tensile strength of 50 mm and 150 MPa,
respectively. Initially, graphene oxide ber was wet spun from
a graphene oxide suspension followed by a controlled laser
reduction of the two opposite faces of the GO ber into rGO (see
Fig. 6). In this conguration (rGO–GO–rGO) the reduced gra-
phene oxide layers work as the active electrode material and
current collector while the GO central layer plays the role of
a separator. Finally, two gold sheets were contacted with the
rGO parts to obtain an ‘all-in-one-ber’ supercapacitor. The
capacitance of the rGO–GO–rGO ber supercapacitor, which
depends on the ber diameter, could reach a value as high as
1.2 mF cm�2 (70 mm diameter) when a current density of
80 mA cm�2 was applied to maintain the considerable value of
0.45 mF cm�2 at a current density of 200 mA cm�2 for 1000
cycles. The energy and power densities of the rGO–GO–rGO
ber capacitors were found to be 2–5.4 � 10�4 W h cm�2 and
3.6–9 � 10�2 W cm�2, respectively. Moreover, it was observed
that the rGO width and the overall ber diameter inuence the
rn fabrication. (b) 3Dmorphology of a supercapacitor fiber. (c) Behavior
formance after mechanical bending. Reproduced from ref. 20 with the

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Representation of the process of reducing the edges of GO
fiber to rGO by laser reduction where GO (electrically insulator) will act
as a separator while the two rGO edges will act as electrodes.
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capacitance performance due to the increased availability of ion
transport channels within the ber. Moreover, an organic
electrolyte of acetonitrile solution containing 0.1 M NaClO4

showed a relatively high capacitance of 2 mF cm�2 at a current
density of 800 mA cm�2.

In another method, Ye et al.77 claimed to have successfully
converted commercial cotton threads (CT) into electrically
conductive and electrochemically active threads by introducing
rGO and carbon nanoparticles (CNPs) using a large-scale
producible method (dip-coating combined with low-tempera-
ture vapor reduction). Initially, the cotton threads were treated
with bovine serum albumin (BVA), followed by dip coating of
graphene oxide (GO), and hence reduced to rGO-CT. The mass
loading of rGO on CT was 0.33 mg cm�1. Finally, rGO-CT was
dipped into a pen ink suspension to obtain CNPs/rGO-CT with
a mass loading of 0.45 mg cm�1. The as-prepared CNPs/rGO-CT
threads were twisted together to form a 0.8 mm diameter
asymmetric supercapacitor with a tensile strength of 31.21 MPa
aer coating with H3PO4/PVA gel electrolyte. The impedance
spectroscopy showed a low resistance value of 2.68 kU.
Furthermore, the CNPs/rGO-CT based supercapacitor exhibited
a volumetric capacitance of 3.79 mF cm�3 at 50 mV s�1,
a cycling stability with 95.23% capacitance retention aer
10 000 charge–discharge cycles, and excellent electrochemical
stability given by 92.30% capacitance retention aer 2000
bending cycles. Importantly, the CNPs/rGO-CT based super-
capacitor could also maintain a similar capacitive performance
when knitted into textile, thus meeting the high performance
requirements of energy storage devices for knittable and wear-
able electronics.

In a similar approach, Pu et al.78 designed a self-charging
power textile based on a exible yarn supercapacitor and fabric
nanogenerator. A polyester yarn of 500 mm diameter was con-
verted into a highly conductive ber by coating a thin layer of
nickel with a mass loading of 2.1 mg cm�3, yielding a length
resistance of 1.48U cm�1. Nickel coated polyester ber was then
hydrothermally coated with GO followed by its reduction to
make rGO@Ni@polyester. The electrochemical performances
of the yarn supercapacitor were measured with an all-solid-state
symmetric conguration with two rGO–Ni–yarns assembled in
parallel and H3PO4/PVA as a gel-type electrolyte. The specic
This journal is © The Royal Society of Chemistry 2016
discharge capacitance at 1.0 mA cm�2 was determined to be
8.9 mF cm�1 (49.4 mF cm�2), which remains as 5.0 mF cm�1

(27.7 mF cm�2) when increasing the current density 10 times up
to 10 mA cm�2. Moreover, a stable cycling performance was
obtained, achieving a capacitance retention of 96% aer
charging/discharging at 2.0 mA cm�2 for 10 000 cycles. Finally,
the ber supercapacitor was weaved on a specially designed
fabric that harvests the energy from human motion to fabricate
a fully exible energy storage and harvesting device.

Although graphene-based ber supercapacitors are
emerging as an alternative textile material to fulll the
upcoming energy storage demand, procedures to fabricate
graphene bers in a continuous manner while maintaining the
desirable quality are not established yet and much research is
required to achieve a scalable pilot plant production of gra-
phene bers.69 Furthermore, despite the high surface area and
porosity of graphene bers, to date, only a limited amount of
works regarding the use of this material in textile lithium ion
batteries can be found, a further demonstration of the novelty of
this eld.

4.1.2. Carbon nanotube ber-based supercapacitors and
batteries. Besides graphene-based bers/yarns, the intrinsic
properties of carbon nanotubes have made them a very prom-
ising candidate for exible energy storage applications. Indeed,
CNTs present important properties similar to those of poly-
mers, carbon bers as well as metals, resulting from their
strong carbon–carbon covalent bonds and unique atomistic
structures.79

In 2000, Vigolo et al.19 proved that a coagulation spinning
approach could be used to assemble CNTs into long ribbons
and bers. In their method, SWCNTs were homogeneously
dispersed in aqueous solutions of sodium dodecyl sulfate (SDS)
and the solution was injected through a syringe into the
co-owing stream of polymer solution containing 5 wt% PVA.
The authors conjectured that PVA was presumably adsorbed by
the nanotubes to displace some SDS molecules to form
a nanotube ribbon. Later developments,47,80,81 responsible for
the improvement in the fabrication process of CNT bers, have
brought the tensile strength and the conductivity of this mate-
rial up to 11–63 GPa and 1 � 106 S cm�1, respectively.

In order to fully utilize these excellent properties of CNTs in
a exible energy storage device, a novel coaxial supercapacitor
was designed using aligned CNT bers and sheets, which
functioned as two electrodes with a polymer gel sandwiched
between them.82 Both CNT bers and sheets were dry-spun from
CNT arrays which had been synthesized by a chemical vapor
deposition method. Due to the highly aligned structure of
CNTs, the resulting bers and sheets showed electrical
conductivity around 102 to 103 S cm�1 and tensile strength in
the order of 102 to 103 MPa. In particular, CNT bers were
dipped into H3PO4/PVA electrolyte followed by the scrolling of
CNT sheets to produce the desired EDLC bers (see Section 2.3).
To improve the electrochemical performance, the bers were
further dipped into the same gel electrolyte to make sure that all
the CNTs in the sheet had been properly embedded into the
electrolyte (Fig. 7). The nal diameter of the ber super-
capacitor was 43 mm showing a gravimetric specic capacitance
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16781
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Fig. 7 (a) Fabrication process of a coaxial CNT–gel electrolyte coated fiber. (b) Cross-sectional view of a fiber shape supercapacitor. (c)
Capacitive performance at different currents in the range 1 � 10�7A to 1 � 10�6 A. Reproduced from ref. 82 with the permission of John Wiley &
Sons Ltd.

Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 F
re

ie
 U

ni
ve

rs
ita

et
 B

er
lin

 o
n 

04
/1

1/
20

16
 0

3:
42

:3
6.

 
View Article Online
of 60 F g�1/8.66 mF cm�2 at a current of 0.1 mA. No evident
decrease in the capacitance value had been found aer 11 000
cycles. Finally, in their work the authors provided quantitative
examples of the benets of the coaxial electrodes as compared
to the twisted pair design. Following an approach similar to the
work just illustrated,82 Smithyman et al.25 extended the concept
of CNT bers to the multilament CNT core ber. In partic-
ular, they twisted together a number of CNT bers by using
a small amount of aqueous solution to aid in the adhesion,
and nally they compared the performance of a single core
CNT ber to a multilament one. They observed an increase in
the gravimetric capacity from 15 to 20 F g�1 when scanned at
a rate of 50 mV s�1. Moreover, energy and power densities of
0.71 W h kg�1 and 1.4 kW kg�1 were obtained as at a current
density of 333 mA g�1.

A different approach was used by Peng's group,83 who
fabricated a ber-shaped supercapacitor where, instead of
a pristine CNT core ber, the CNT core was rst coated with
a thin layer of H3PO4/PVA gel electrolyte, followed by winding
with a CNT sheet to form an inner electrode. The inner elec-
trode was further coated with a second layer of electrolyte fol-
lowed by another winding of CNT sheet acting as outer
electrode, sharing the same thickness as the inner electrode.
Finally, the ber supercapacitor was coated with a third layer of
electrolyte. The authors showed that, similar to springs, their
wrapped CNT sheet electrodes can maintain well the aligned
structure as the CNTs are stabilized by the gel electrolyte
during stretching. A ber-shaped supercapacitor with a diam-
eter of approximately 650 mm showed a gravimetric capacitance
of 20 F g�1 at a current density of 0.1 A g�1 for 1000 cycles and
observed that the capacitance varies with the thickness of the
CNT outer layer. An energy density of 0.363 W h kg�1 and
a power density of 421 W kg�1 were observed at a current
density of 1.0 A g�1. Additionally, they improved the capacity by
introducing mesoporous carbon (OMC) inside the CNT layer
which increased the capacitance to 41.4 F g�1 at the same
current density.
16782 | J. Mater. Chem. A, 2016, 4, 16771–16800
In another example of a faradaic capacitor with asymmet-
rical electrodes, Xu et al.84 constructed an aerogel CNT negative
electrode ber by twisting numerous carbon nanotubes
together, obtaining an overall diameter of about 31 mm. The
positive ber electrode, based on MnO2/CNT, was prepared by
precipitating nanostructured MnO2 particles on the aerogel
CNT ber from a potassium permanganate (KMnO4) precursor.
In particular, MnO2/CNT hybrid ber, pristine CNT ber and
KOH/PVA gel electrolyte (around 0.81 M) were used as the
positive electrode, negative electrode, and electrolyte, respec-
tively. The so obtained supercapacitor showed, at a current
density of 1.1 mA cm�2, a length specic capacitance of
157.53 mF cm�1, with corresponding areal specic capacitance
and volumetric capacitance of 16.87 mF cm�2 and 21.21 F cm�3,
respectively. Furthermore, the capacitance decreased from
33.75 mF cm�2 to 10.61 mF cm�2 as the scan rate was increased
from 5 to 1000 mV s�1.

In a very recent report, Choi et al.85 fabricated an elastomeric
electrode by helically wrapping a nylon thread with a carbon
nanotube and then electrochemically depositing pseudocapa-
citive MnO2 nanobers. The parallel solid-state supercapacitors
made from these coiled electrodes showed a capacitance of
40.9 mF cm�2 at a scan rate of 10 mV s�1. The capacitance
decreased by less than 15% when reversibly stretched by 150%
in the ber direction, and was largely retained while being
cyclically stretched during charge and discharge.

Likewise, in rGO@CMC, Kou et al.74 used the same
wet-spinning method to fabricate coaxial CNT@CMC electrodes
and twisted them to make a two-ply yarn supercapacitor
showing an areal capacitance of 47mF cm�2 at a current density
of 0.1 mA cm�2.

Similarly, Meng et al.86 reported SWCNTs and chitosan (CHI)
composite yarns as electrodes for ber based supercapacitors. A
wet spinning setup consisting of a dual syringe pump was used
to produce a core–shell ber (SWCNT@CHI). Aer thermal
treatment at a high temperature, chitosan was carbonized and
a composite yarn electrode containing SWCNTs and active
carbon (SWCNT@C) was produced. The fracture strength of
This journal is © The Royal Society of Chemistry 2016
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SWCNT@C yarn was found to be 76 MPa, lower than that of
SWCNT@CHI (110 MPa), while the electrical conductivity of the
SWCNT@C yarn electrode, about 602 S cm�1, was much higher
than that of SWCNT@CHI yarn, roughly 39 S cm�1. The elec-
trochemical characterization of both SWCNT@CHI and
SWCNT@C yarn based supercapacitors was performed by using
a H2SO4/PVA gel electrolyte. It was found that the specic
capacitance of SWCNT@CHI yarn based supercapacitors was
7.1 mF cm�2 at a current density of 0.05 mA cm�2, while
SWCNT@C yarn supercapacitors showed a specic capacitance
of 37.1 mF cm�2 at the same current density. Indeed, it is
argued that the SWCNT@C yarns can make full use of the
specic surface area of the SWCNTs, which is expected to
increase the capacitance. Furthermore, SWCNT@C provided an
energy density of 3.7 mW h cm�3 and a power density of
45.7 mW cm�3 at a high cycle life (98.5% capacitance retention
aer 10 000 charge–discharge cycles). The authors suggested
that these remarkable results are due to the synergistic effect of
SWCNTs and activated carbon within the composite yarn,
which greatly improve its porous structure and hence the
transport of electrons.

Ren et al.87 followed an alternative method in which OMC
particles with large specic surface area up to 1014 m2 g�1 were
inltrated into aligned multi-wall CNTs (MWCNTs) by
a dip-coating method. By further rolling the OMC doped
MWCNT sheets, OMC–MWCNT composite bers with meso-
porous structures were formed, while maintaining a high surface
area. The assembled twisted bers were tested with H3PO4/PVA
electrolyte showing an energy density of 1.77 � 10�6 W h cm�2/
8.55 � 10�8 W h cm�1, a power density of 3.2 � 10�2 mW cm�2/
1.55� 10�3mW cm�1, and a specic capacitance of 39.7mF cm�2/
1.91 mF cm�1. Importantly, this kind of ber was demon-
strated to have a long cycle life with over 85% capacitance
retention aer 500 charge–discharge cycles, a property which
is maintained also when woven into textile structures. This
work demonstrates, then, the advantage of composite carbon
bers, which combine the structure and properties of different
types of carbon.

Differently from a coaxial design, Zhang et al.88 fabricated
elastic supercapacitors and lithium-ion batteries in a twisted
Fig. 8 (a) Schematic illustration of a fiber-shaped lithium ion battery wi
cathode. Charge–discharge curves of (b) bare CNT fiber and (c) CNT/M
John Wiley & Sons Ltd.

This journal is © The Royal Society of Chemistry 2016
formation by using carbon nanotube ber springs as electrodes.
Spinnable CNT arrays were rst synthesized by chemical vapor
deposition and later rolled into CNT bers with a diameter of
approximately 12 mm. The spring-like ber was prepared by
overtwisting several CNT bers together, of which the diameter
was dictated by the number of CNT bers. It was observed
that the capacitance rst increased from 12.25 F cm�3 to
18.12 F cm�3 with a diameter from 30 mm to 65 mm due to
a reduced electrical resistance, and then it decreased with
larger diameters because the permeation of the gel electrolyte
into the ber electrode became difficult. An elastic super-
capacitor was fabricated by placing two spring-like bers
parallel to each other with H3PO4/PVA gel as the electrolyte,
while an elastic lithium-ion battery was produced from two
spring-like bers bearing LiMn2O4 (LMO) and Li4Ti5O12 (LTO)
nanoparticles as positive and negative electrodes twisted over
each other with the gel electrolyte acting as separator. Both the
ber-shaped supercapacitors and the lithium-ion batteries
were lightweight, exible, and stretchable, and their electro-
chemical performance was maintained during bending and
stretching deformations. The supercapacitors showed
a specic capacitance of 27.07 mF cm�2 at 150mA cm�3, energy
density up to 0.629 mW h cm�3 and power density up to
37.74 mW cm�3. On the other hand, lithium ion batteries made
of CNT/LTO and CNT/LMO electrodes showed an individual
capacitance of 145.9 mA h g�1 and 72.4 mA h g�1, respectively,
at 0.1 mA cm�1 while the full battery showed a capacitance of
92.4 mA h g�1 at a current density of 0.1 mA cm�1 for 300 cycles
with 92% capacity retention.

Aligned MWCNTs were instead proposed by Ren et al.89 who
developed a wire-shaped micro-supercapacitor and battery with
this material. The MWCNT bers of 20 mm had a tensile
strength of 1.3 GPa with conductivity as high as 103 S cm�1.
Spinnable MWCNT arrays were synthesized by chemical vapor
deposition and spun from the arrays to fabricate a ber of
controlled diameter in the range 2 to 30 mm and of length up to
100 m. As supercapacitor electrodes, the bers were also elec-
trodeposited with MnO2 to make a MWCNT@MnO2 hybrid
electrode. Finally, two bare MWCNT bers and, separately, two
MWCNT/MnO2 composite bers were used as parallel
th lithium wire as the anode and a CNT/MnO2 composite fiber as the
nO2 composite fiber. Reproduced from ref. 89 with the permission of

J. Mater. Chem. A, 2016, 4, 16771–16800 | 16783
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electrodes to produce wire shaped micro-supercapacitors
(Fig. 8). The results showed area specic capacitances of
3.01 mF cm�2 for bare MWCNT and 3.16 mF cm�2 for the
MWCNT/MnO2 composite at a current density of 1.67 A g�1 for
1000 cycles. Furthermore, composite MWCNT/MnO2 bers had
been twisted with a Li wire to produce wire-shaped lithium ion
batteries showing a discharge capacitance of 218.32 mA h g�1 at
a current of 5 � 10�4 mA. However, at the higher current of 2 �
10�3 mA, the specic capacity endured a slight decrease down
to 174.40 mA h g�1/94.37 mA h cm�3.

In another work, Cheng et al.90 demonstrated an asymmetric
ber supercapacitor using a ternary hybrid positive electrode
made by growing MnO2 nanosheets on conducting CNT bers
(with a conductivity of 102 to 103 S cm�1) coated with
PEDOT:PSS. At the same time, OMC/CNT hybrid bers were
used as the negative electrode. Both electrode bers, the
MnO2@PEDOT:PSS@CNT and the OMC@CNT, were twisted
together using carboxymethyl cellulose sodium gel (CMC/
Na2SO4) as the electrolyte and separator. The full hybrid ber
consisting of MnO2@PEDOT:PSS@CNT and OMC@CNT
showed a tensile strength of 162 MPa. The as-fabricated super-
capacitor exhibited an ideal capacitive behavior in the whole
voltage window within 0–1.8 V. It, indeed, achieved a capacitance
of 23.4 F cm�3 (or 21.7 F g�1) at 0.085 A cm�3 and remained at
13.3 F cm�3 at current densities as high as 2.38 A cm�3, indicating
a good rate capability. Moreover, the authors demonstrated
a maximum volumetric energy density of 11.3 mW h cm�3 (at
a power density of 0.03 W cm�3) and volumetric power density of
2.1 W cm�3 (at volumetric energy density of 6 mW h cm�3). The
cycling stability was tested at 1.36 A cm�3 with 85% capacitance
retention over 10 000 charge–discharge cycles.

One of the main hurdles in realizing a full ber shaped
lithium ion battery is the deformation of the ber aer multiple
cycles, especially for materials such as silicon and germanium
due to their high volumetric expansion during lithiation.
Indeed, these materials are known to expand, upon charging,
up to 400% in the case of Si and 300% in the case of Ge.91 In this
regard, carbon nanotubes have been widely used as a second
phase to accommodate the Si/Ge volume change. Peng's group
tested aligned multi-walled carbon nanotube/Si composite
bers as anodes for exible, wire-shaped lithium-ion batteries.92

Instead of electrochemical deposition, electron beam evapora-
tion technology was used to deposit silicon on MWCNT sheets
Fig. 9 (a) Preparation method for a CNT/Si hybrid fiber. (b) Schematic i
curve of bare MWCNT and MWCNT/Si. Reproduced from ref. 92 with th

16784 | J. Mater. Chem. A, 2016, 4, 16771–16800
(Fig. 9). Aerwards, the lms were twisted into MWCNT/Si
composite bers, of diameter size from 30 mm to 60 mm. Both
exible bare silicon and MWCNT/Si composite bers were tested
against lithiummetal ber used as a reference electrode with bare
silicon giving a capacity of 3537 mA h g�1 during the rst cycle, to
decay to 46.6% aer 30 cycles. On the other hand, CNT/Si
composite bers showed an initial capacity of 1700 mA h g�1 with
a capacity retention of 58% over 50 cycles, which was maintained
for over 100 repeated bendings, hence the bers demonstrating
a remarkable exibility.

Weng et al.93 reported a coaxial ber-shaped full LIB by
winding two aligned CNT composite yarns (CNT/Si as the anode
while CNT/LMO as the cathode) onto a cotton ber. Due to the
minor volumetric change in LMO, particles of LMO were
directly deposited on the aligned CNT to form CNT/LMO
composite yarn cathodes. On the other hand, due to its large
volumetric expansion, Si was rst coated onto the CNT sheet
(Fig. 10) which was then sandwiched between two bare CNT
sheets to form a composite yarn acting as the anode. It was
observed that CNTs and coaxial CNT/Si nanotubes remained
highly aligned in the CNT–Si/CNT and CNT–Si composite yarns,
and aligned structures are critically important for composite
yarns to form the desired hybrid layered structure.93 The results
from half-cell measurements with lithium as the reference elec-
trode provided a high de-lithiation capacity of 2240 mA h g�1 at
the rst cycle with 88% retention aer 100 cycles for the CNT–Si/
CNT composite yarn. In contrast, only a 42% capacity was
retained for the CNT–Si composite yarn under the same condi-
tions. On the other hand, CNT/LMO gave an initial lithiation
capacity of 100mA h g�1 with a Coulombic efficiency of 92%, and
the capacity retention was maintained at 94% aer 100 cycles at
a 1 C rate. Finally, a coaxial ber full LIB was fabricated based on
CNT–Si/CNT and CNT–LMO composite yarns as the anode
and cathode, respectively. The CNT–LMO and CNT–Si/CNT
composite yarns were sequentially wound onto the cotton ber
while separated with a gel electrolyte. The obtained full LIB yarn
of 2 mm diameter showed a tensile strength of 250 MPa along
with an initial capacity of 106.5 mA h g�1 with 87% retention for
100 cycles. Based on all the electrode material, the volumetric
energy density was found to be 99.3 mW h cm�3.

Despite the high theoretical capacity of silicon as the active
material,91 its fragility upon charge/discharge and the laborious
preparation weaken the endurance of the battery. On this
llustration of a fiber-shaped lithium ion battery. (c) Charge–discharge
e permission of John Wiley & Sons Ltd.

This journal is © The Royal Society of Chemistry 2016
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Fig. 10 Preparation method of (a) CNT–LMO and (b) CNT–Si/CNT. (c) and (d) Long-life performance of CNT-LMO and CNT/Si hybrid fibers,
respectively (reproduced from ref. 93 with the permission of the American Chemical Society).

Fig. 11 (a) Schematic for the fabrication of a LTO/LMO full fiber
battery. (b) Cycling performance of LMO and (c) LTO based electrodes
tested against lithium metal as the reference electrode. Fiber-shaped
batteries woven into energy fabrics. Reproduced from ref. 59 with the
permission of John Wiley & Sons Ltd.
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account, already commercialized anode materials, such as LTO,
can be used to reduce the volumetric expansion produced in the
case of silicon. In their work, Ren et al.59 dispersed either LMO
or LTO nanoparticles inside N,N-dimethylformamide (DMF),
followed by dip coating of CNT arrays to obtain CNT sheets
anchoring LiMn2O4 and LTO nanoparticles, which were later
rolled into prepared bers with diameters of 130 mm and 70 mm,
respectively (Fig. 11). The as-prepared LMO and LTO hybrid
bers were rst tested in half cells, with lithium metal as
counter electrodes, showing specic capacities of 60 and 150
mA h g�1, respectively. Aer running for 200 cycles, both of the
half batteries retained their capacities above 80%. Finally, the
ber-shaped LTO/LMO full battery was tested and showed
a specic capacity of 138 mA h g�1 at 0.01 mA (specied to the
weight of the CNT/LTO ber). The delivered volumetric energy
density was 17.7 W h L�1 while the power density was 560W L�1

calculated on the volume L of the anode and cathode taken
together. Furthermore, a capacity retention of 85% aer 100
cycles was found at 0.05 mA, with a Coulombic efficiency over
80%. Interestingly, and based on this battery system, the
authors developed a 10 cm long ber-shaped battery integrated
into a cloth to power up, for one minute, nine red light emitting
diodes (LEDs).

In a similar work, super-stretchy, ber-shaped lithium-ion
batteries with a strain up to 600% were developed with good
electrochemical properties.94 Two aligned MWCNT composite
bers incorporated with active materials, including LTO and
LMO, were rst synthesized with ber diameters of 160 and
130 mm, respectively, showing high mechanical strengths,
electrical conductivities and electrochemical activities. Typical
voltage proles with increasing cycle numbers at a current
This journal is © The Royal Society of Chemistry 2016 J. Mater. Chem. A, 2016, 4, 16771–16800 | 16785
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density of 0.1 mA cm�1 showed an initial discharge capacity of
91.3 mA h g�1 based on the entire negative electrode. Finally,
the authors claimed that these ber-shaped batteries can be
easily scaled up to be used in textiles with different shapes, such
as bracelets or knitted sweaters.

Recently Peng's group published an interesting work95 on
a ber shaped lithium-air battery. In particular, a new type of gel
electrolyte was prepared (conductivity 1.15 mS cm�1) and
coated onto a lithium wire followed by exposing to UV irradia-
tion, resulting in the formation of a milky, solidied electrolyte
layer. Aligned CNT sheets were then carefully wrapped on the
gel electrolyte-coated lithium wire to form the cathode while
the thickness was controlled by the number of layers of CNT
sheets. The authors claimed that the gel electrolyte served
not only as an ion conductor but also as an effective lithium-
metal protector to prevent side reactions in air. The as-
engineered Li-air battery showed a remarkable capacity of
12 470 mA h g�1 and 12 865 mA h g�1 at a current density of
1400 mA g�1 and 350 mA g�1, respectively. Moreover, the
specic capacity showed no decay and discharged voltage
remained almost constant for over 100 cycles. Finally, the
achieved energy and power density were 2457 W h kg�1 and
250 W kg�1, respectively, based on the total weight of CNT
and resultant Li2O2.

Finally, it is important to mention that some research groups
have started to add new functions to ber/textile structures
besides storage capacity. In this regard, Deng et al.96 wrapped
aligned CNTs sheets onto a shape-memory polyurethane
substrate. They realized a supercapacitor having the capability
of changing shape and size depending on the thermal transi-
tion temperature. Interestingly, the authors reported that the
smooth surface of polyurethane bers favors the uniform
wrapping of aligned CNTs. In particular, by using PVA gel
electrolyte, the shape-memory supercapacitor showed a capaci-
tance of 24 F g�1, 0.269 mF cm�1, and 42.3 mF cm�3 with CNT
layer thickness of 560 nm for 500 cycles with no obvious
decrease in electrochemical performance.

Although the CNT-based supercapacitors and batteries to be
employed for textile applications have been emerging as an
alternative energy source, their industrial realization is yet far
from becoming reality. In fact, an unsolved key issue in ber
assembling is the irregular alignment of CNTs along the ber
axis which affects their overall mechanical and electrical prop-
erties. Theoretical calculations suggest that increasing the
length of individual CNT enhances not only the inter-tube
contact area but also the chances to wrap in a regular pattern. In
particular, increasing the twist angle is an effective method to
increase the density of CNT bers, namely the ber strength.
Considering that spun bers are relatively loose with noticeable
spaces between the CNT and CNT bundles, it is expected and
found that these loose structures do not give rise to high CNT
ber strength. Therefore, novel fabrication methods are needed
for the utilization of CNT bers for exible or textile based
energy applications.

4.1.3. Metallic core based supercapacitors. Although CNT
core ber-based supercapacitors and batteries are emerging in
material science, metallic wires still remain the best core
16786 | J. Mater. Chem. A, 2016, 4, 16771–16800
material choice due to their higher conductivity (2.4 � 106 S m�1

for titanium, 58� 106 S m�1 for copper) and strength (e.g. Young
modulus of 116 GPa for titanium, 128 GPa for copper and
9–15 GPa for CNT bers19). Therefore, while realizing a thinmetal
ber for energy storage applications, various strategies have been
utilized to exploit the inherent conductive properties and
strength of metallic wires. The approach suggested by Lee et al.97

is to use a pure metallic ber as the core current collector to be
coated with a high capacitive electrode material. Inspired by this
concept, Huang et al.98 used an industrial level ‘twist-bundle-
drawing technique’ to draw 316L stainless steel (SS) bers into
so and exible yarns followed by the deposition of rGO using
a hydrothermal method. The as-prepared rGO/SS yarns were
electrodeposited with consecutive layers of manganese oxide
(MnO2) and PPy to enhance the capacitive performance
(Fig. 12a). These large-scale-yarns have many advantages such as
super strength (700 MPa), excellent conductivity (2.5 S cm�1),
great corrosion resistance and thermal stability, as well as
a exibility equivalent to that of the more common cellulose
yarns. These yarns were woven and knitted into so clothes by
industrial weaving and knitting machines without any difficul-
ties. Supercapacitors fabricated by the electro-capacitive mate-
rial-modied yarns showed superior capacitances as high as
486 mF cm�2 in an aqueous electrolyte (three-electrode cell) and
411 mF cm�2 in an all solid-state two-electrode cell at a current
density of 0.55 A cm�3. Large energy storage textiles were fabri-
cated by weaving exible all-solid-state supercapacitor yarns to
a 15 cm � 10 cm cloth on a loom and knitted in a woolen wrist
band to form a pattern, enabling dual functionalities of energy
storage capability and wearability.

Using the same strategy employed in one of their previous
works,99 Huang et al.100 developed an electrically self-healing
supercapacitor by hydrothermally wrapping iron oxide (Fe3O4)
nanoparticles on a stainless steel wire followed by coating a 2
micron layer of PPy as it has been reported to be highly
conductive and exible for textile electronics applications.101

Aerwards, the electrode wire was coated rst with PVA gel
electrolyte then with polyurethane to provide additionally
self-healing and mechanical strength. Two of the as-prepared
electrodes were wrapped to make supercapacitors, which
provided a specic capacitance of 61.4 mF cm�2 at a scan rate of
10 mV s�1.

In another work, Huang et al.102 used the same concept of
Peng's group96where they substituted the polyurethane substrate
with NiTi alloy while MnO2 and PPy were chosen as the active
materials. In particular, NiTi/stainless steel bers were coated
rst with MnO2 and then by PPy. The authors suggested that this
encapsulation structure could not only open an additional elec-
tron transportation path for MnO2 besides the NiTi wire, but it
could also offer another layer of active material that participates
in the charge storage process, substantially enhancing the
capacitance of the whole device. The as-fabricated wires (350 mm)
were twisted together and coated with poly(vinyl alcohol) (PVA)
gel electrolyte to give a specic capacitance of 198.2 F g�1 at
a current density of 1 A g�1, corresponding to an aerial capaci-
tance of 75.8 mF cm�2, which is higher than the values reported
in reference.1
This journal is © The Royal Society of Chemistry 2016
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Fig. 12 (a) Fabrication process of consecutive coating of rGO, MnO2 and PPy on stainless steel. (b) Variation of areal and length capacitance at
different current densities. (c) Fabrication process of an all-in-one stainless steel based supercapacitor. (d) Voltammogram at different scan rates.
(e) Fabrication process of rGO/Ni coated cotton fiber electrode. (f) Variation of volumetric and nominal capacitance with various lengths.
Reproduced from ref. 98, 104 and 109 with the permission of the American Chemical Society, Royal Society of Chemistry and Nature publishing
groups.
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The same authors103 used an ingenious modularization
approach to fabricate a linear-shaped functional supercapacitor
by rst coating a thin layer of PPy on a polished stainless wire
(acting as a mold) followed by a subsequent coating of graphene
and a second layer of PPy, resulting in a stainless steel@-
PPy@G@PPy structure. Finally, a PVA solid electrolyte was
coated on the outermost layer and the stainless steel was pulled
out from the module, making it a free standing PPy@G@P-
Py@PVA tube. The authors suggested that the interfacial
adhesion between PPy and stainless steel is smaller than the
adhesion between PPy and the employed solid electrolyte,
This journal is © The Royal Society of Chemistry 2016
resulting in PPy being better attached to the electrolyte instead
of the substrate upon detachment from the mold. Interestingly,
this approach can be used for the fast assembly of symmetric
and asymmetric supercapacitors. Furthermore, different shapes
of free standing PPy@G@PPy@PVA tubes can be prepared with
ease. The supercapacitors made from this approach showed an
areal capacitance of 114.2 mF cm�2 at a current density of 1 mA
cm�2, which is 1.5 times higher than the authors' previous
results.2

Similar to Huang's method, Harrison et al.104 reported
a co-axial ber supercapacitor consisting of a stainless steel core
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16787
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coated with ink-gel-activated carbon (AC) in three active coating
layers and one silver paint layer for the current collector.
Importantly, a simple dip coating method was used to prepare
the coated layers where the rst and third active layers, serving
as electrodes, were prepared using Chinese ink and activated
carbon slurry, respectively. Similarly, the middle layer was
prepared by using a H3PO4/PVA/H2O gel solution which served
both as the electrolyte and separator (see Fig. 12c). The average
thicknesses were measured to be 25 mm, 75 mm and 85 mm for
the ink, gel electrolyte and activated carbon layers, respectively,
while the diameter of the overall supercapacitor was 410 mm.
Tensile strength and conductivity measurements were not re-
ported by the authors; however, the specic areal capacitance
was found to be 3.18 mF cm�2 at a current density of
16 mA cm�1.

Using a different coating technology, Zhang et al.48

embedded a very thin Pt metal foil (monolament) inside
a carbon nanotube yarn. The core/sheath-structured CNT yarn
(where the core is a Pt metal of 25 mm thickness and the shell is
carbon nanotubes) was manufactured on a yer spinner, where
the twisting action of the spindle caused the Pt lament and the
CNT web to rotate together, resulting in the wrapping of the
CNT web around the Pt lament to form a core/sheath struc-
tured yarn. The electrical conductivity of the resulting core/
sheath yarn Pt/CNT was found to be 5.5 � 106 S m�1 with
a tensile strength of 550 MPa, about 80% of the pure CNT yarn
tensile strength (680 MPa). To make a solid-state super-
capacitor, two Pt/CNT yarns were dipped in polyaniline solution
followed by coating with H3PO4/PVA. Finally, these coated yarns
were folded and twisted to form two-ply yarn supercapacitors
using a twisting device. The ply yarn diameter was 70 mm, much
ner than any standard extra ne count textile yarns. The areal
capacitance of the as-prepared supercapacitors was found to be
52.5 mF cm�2 at a scanning rate of 5 mV s�1.

In another method, Li et al.105 prepared a ber shaped elec-
trode by electrochemically reducing GO on a gold wire (diam-
eter ¼ 100 mm). The wire was immersed in a GO aqueous
solution containing 0.1 M of lithium perchlorate at an applied
potential of 1.2 V vs. a saturated calomel electrode for 10 s.
During the process, GO reduced to rGO, which was deposited on
the surface of the gold in a three dimensional interpenetrating
network with a thickness of 30 mm. The tensile strength and
conductivity of the composite ber were not reported. Similar to
previous strategies, two identical Au/rGO electrodes were coated
with thin solid electrolyte layers of H3PO4/PVA/H2O to prepare
a twisted capacitor with an aerial capacitance of 0.726 mF m�2

at a current density of 2.5 mA cm�1.
Another novel strategy used by Lee et al.106 incorporates

a process named bi-scrolling which involves inserting twists in
a host sheet overlaid with a guest material. More specically,
a conducting polymer poly(3,4-ethylenedioxythiophene)
(PEDOT, a well-known active material for supercapacitor elec-
trodes), acting as the guest material, was deposited through
vapor phase polymerization (VPP) on the surface of 100 nm
thick conducting-polymer-inltrated MWCNT sheets to form
a PEDOT/MWCNT nano-membrane. This membrane was
bi-scrolled into yarns by using a novel method for twist
16788 | J. Mater. Chem. A, 2016, 4, 16771–16800
insertion. For the formation of the capacitor, a bi-scrolled
PEDOT/MWCNT yarn was plied with a Pt wire current collector
to fabricate two identical electrodes used either as an anode or
a cathode. The as-prepared bi-scrolled yarn showed an approx.
20 mm diameter which became 45 mm when plied with Pt, with
a tensile strength of 367 � 113 MPa. Measurements of the
electrochemical performance were conducted using either a 1M
H2SO4 liquid electrolyte or a solid H2SO4/PVA electrolyte. The
two-ply electrode supercapacitor presented in this work
demonstrated a capacitance of 73 mF cm�2 at 1 V s�1.

Very recently, Zhao et al.107 used, for the rst time, a braiding
machine to achieve a predetermined arrangement of ber
electrodes consisting of a stainless steel (SS) core coated with
PPy and polyester ber. Both kinds of bers were braided using
a Trenz-Export braiding machine followed by electro-deposition
of PPy at a constant current for 60 min using an aqueous
solution containing 0.1 M pyrrole and 0.1 M sodium p-tolue-
nesulfonate. The quasi-solid state supercapacitor was fabri-
cated using H3PO4/PVA gel electrolyte, giving a length specic
capacitance of 1.79 mF cm�1 at a current density of 5 mA cm�1

for 1000 cycles. Note that while cycling the PPy lm swelled and
shrank, resulting in mechanical degradation. By utilizing
braiding technology to obtain a high energy density, 4 SS wires
were braided into the yarn. Aer PPy deposition, two SS wires
were connected together to form the positive electrode with the
remaining two used as the negative electrode. This congura-
tion gave twice the capacity with respect to a single yarn
supercapacitor. The authors suggested that, apart from PPy,
other conducting polymers or a variety of metal oxides/
hydroxides, such as g-MnO2 or Ni(OH)2, could be electroplated
onto these wires.

Despite their high conductivity and strength, metallic core
based supercapacitors have a high mass density due to the
massive metallic core. Moreover, conventional metallic wires
give rise to weavability, knittability, and wearability challenges.
The problem can be solved by reducing the diameter size of the
bers down to the micrometer range; however, it is a tedious
and costly process not even applicable to all metals. Therefore,
a different strategy is to coat textile bers like cotton, polyester
and nylon with a thin layer of metal to achieve highly conductive
wires108 to be used as substrates for the active electrode mate-
rial. The advantage of this approach lies in the low mass density
of the composite yarn as a very thin layer of metal is coated on
a light textile ber. Using this approach, Liu et al.109 reported
a composite electrode in which a cotton ber was coated with
a thin layer of Ni followed by the electrochemical deposition of
graphene (Fig. 12e). In particular, the electroless deposition (ELD)
method110 was used to coat a thin layer of nickel on a pre-cleaned
cotton yarn (0.45 mm thickness aer coating). The density of the
composite yarn was 2.33 g cm�3 (25% of the density of nickel yarn)
while the resistance was found to be 1.3 U cm�1. Aerwards, GO
was electrochemically deposited on the Ni–cotton yarn which was
later reduced to graphene using hydrazine vapor. The as-prepared
rGO–Ni–cotton electrode, when assembled as a supercapacitor
with a liquid electrolyte (H2SO4), gave a maximum capacitance of
292.3 F cm�3 at a current density of 87.9 mA cm�3. To realize its
application as a full energy storage device, the authors fabricated
This journal is © The Royal Society of Chemistry 2016
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a wearable solid-state supercapacitor yarn with a LiCl/PVA gel,
which acted both as the electrolyte and the separator, with 82% of
its initial capacitance retained aer 10 000 cycles109 at a current
density of 439.6 mA cm�3.

Very recently, a double helix wire-shaped novel conguration
has been used to develop a supercapacitor with two symmetric
titanium@MnO2 ber electrodes wound on a exible nylon
ber by a simple and reliable process.111 Two titanium bers
(0.15 mm diameter each) were coated with MnO2 and tightly
wound on a 0.5 mm diameter nylon ber with an average gap of
about 0.5 mm between adjacent laps, forming a parallel double
helix symmetric electrode structure. The helical capacitor
showed an aerial specic capacitance 15.6 mF cm�2 at a charge/
discharge current density of 0.03 mA cm�2, with a retention of
64.6%, which varies with the deposition time of MnO2 and
possesses a max energy density of 1.4 mW h cm�2 and power
density of 580 mW cm�2. The authors suggested that their
proposed conguration demonstrates extraordinary electro-
chemical stability under both static and dynamic bending
deformations.

In another method, Huang et al.112 used NiTi memory wire as
the ber core, which was consecutively coated with MnO2 and
PPy to fabricate temperature sensitive electrodes. Two of the
as-fabricated electrodes were twisted to make a supercapacitor
with a specic capacitance of 198.2 F g�1 at a current density of
1 A g�1 for 20 000 cycles. The authors claimed that the appli-
cation of the NiTi wire as the main skeleton made their wire-
shaped supercapacitor possess a unique shape memory effect
which has, indeed, a practical signicance when it comes to risk
management.

A different kind of metallic core based supercapacitor was
engineered by Ambade et al.,113 who coated a conducting
polymer (polythiophene) on a titanium wire using an electro-
polymerization technique. The thickness of the titanium core
was approx. 250 mm while the thickness and porosity of the
polymer coating could be tuned by varying the number of
polymerization cycles. Two polymer coated titanium wires
(PTh@Ti) were dipped in a H2SO4/PVA gel electrolyte and
intertwined to prepare an all solid-state exible wire shaped
supercapacitor, which could show a specic capacitance of
1.35 F g�1 or 71.84 mF cm�2 at a sweep rate of 5 mV s�1 aer 7
cycles of polymerization. The capacitance retention was 97%
even aer 3000 cycles. Additionally, a diminishing of the
porosity was observed aer 7 cycles, an effect which hinders the
diffusion of electrolyte ions, resulting in a lower electro-
chemical performance. Due to an operational window of 1.8 V
and a remarkable rate capability, the energy and power density
of the aforementioned supercapacitor were found to be
23.11 mW h cm�2 and 100 mW cm�2, respectively.

Another example of a metallic core based supercapacitor was
introduced by Chen et al.114 who had grown aligned titania
nanotubes as a sheath on the surface of a titanium core (127 mm
diameter) using an electrochemical anodic oxidation method.
As-prepared Ti@TiO2 ber electrodes were immersed in
H3PO4/PVA gel electrolyte and wrapped with an 18 mm thick
carbon nanotube ber electrode (synthesized by chemical vapor
deposition using ethylene as the carbon source). The authors
This journal is © The Royal Society of Chemistry 2016
reported that radially aligned semiconducting titania nano-
tubes cannot only increase the surface area of the electrode but
also act as a separator between the titanium core ber electrode
and the carbon nanotube ber electrode. The resistance of a full
micro-supercapacitor ber, measured by impedance spectros-
copy, was 160 U when multiple carbon-nanotube bers were
wrapped around a Ti@TiO2 ber. The specic volumetric
capacitance of the CNT sheet-based micro-supercapacitor is
about 1.04 mF cm�2 at 0.1 V s�1 and the corresponding energy
density and power density are 0.16 � 10�3 mW h cm�3 and
0.01 mW cm�3, respectively. Moreover, the capacitance reten-
tion of this ber supercapacitor was 80% aer 1000 cycles.

In a similar work, Li et al.115 used a 65 mm thick titanium wire
annealed at 400 �C in air to oxidize the surface layer to TiO2. The
so obtained TiO2@Ti wire was coated with a 10 nm thick layer
of molybdenum disulde (MoS2), with a mass loading of
0.0113 mg cm�1, by using a hydrothermal method with a nal
total ber diameter of 68.5 mm. The authors reported that the
oxidation of the titanium surface is a critical step for good
adhesion of MoS2 and it is also crucial for electron transport. To
assemble the ber supercapacitor, two Ti/TiO2/MoS2 wires
coated with H3PO4/PVA were twisted together and further
coated with another layer of H3PO4/PVA to fabricate a solid-
state ber. The symmetrical supercapacitor achieved a specic
capacitance of 230.2 F g�1 (70.6 F cm�3) at a scan rate of 5 mV s�1,
an energy density of 2.70 W h kg�1 (4.98 mWh cm�3) and a power
density of 530.9 W kg�1 (977.4 mW cm�3). Additionally, the
Ti/TiO2/MoS2 ber supercapacitor exhibited excellent cycling
stability, with its capacitance maintained at 89% of its original
value aer 2000 cycles at a current density of 0.35 A g�1.

4.1.4. Hybrid composite ber supercapacitors with syner-
getic effects. As illustrated in the previous sections, CNTs and
graphene have been demonstrated to possess remarkable
characteristics as conductive and capacitive materials. In this
regard, some efforts have been conducted to join together
graphene and carbon nanotubes to produce hybrid composite
bers with a synergistic effect. To improve the capacitive
behavior, a composite using aqueous electrolyte was produced
by preparing an rGO@CNT@CMC based supercapacitor,
which could show a capacitance of 177 mF cm�2 at a current
density of 0.1 mA cm�2 for 2000 cycles.74 When a PVA solid
electrolyte was used, the supercapacitor showed an areal energy
density of 3.84 mW h cm�2 and a volumetric energy density of
3.5 mW h cm�3, while the areal and volumetric power densities
were 0.02 mW cm�2 and 0.018 W cm�3 at a current density of
0.1 mA cm�2, respectively. The authors observed that this excel-
lent electrochemical performance likely results from the coaxial
wet-spinning process which renders the pore structures of the
inner GO and CNT core more prone to receive ions because of the
uniform shrinkage force of the CMC sheath. The thicker the CMC
sheath is, the stronger the shrinkage force generated during the
drying process. Therefore, the capacitance of an rGO@CNT@CMC
based supercapacitor increased from 35 to 103, 145 and
177 mF cm�2 with increases in the thickness of the CMC sheath
from 0 to 2, 10 and 25 mm.

In another example, Yu et al.31 developed a graphene–CNT
composite ber with excellent electrical conductivity and a high
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16789
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packing density while maintaining a large ion accessible area.
The bers were synthesized by injecting a homogeneous solu-
tion containing acid-oxidized SWCNTs, GO and ethylene
diamine (EDA) through a pump into a exible silica capillary
column, followed by in situ thermal treatment in an oven at
220 �C for 6 h before a continuous ber was pushed into a water
reservoir by a pressurized nitrogen ow. The as-prepared gra-
phene–CNT composite exhibited conductivity of 102 S cm�2 and
tensile strength in the range 84–165 MPa. Additionally, the
composite bers were exible enough to be bent into different
shapes or woven into textile structures. Finally, a reduced gra-
phene oxide@CNT composite ber (CNT : rGO, 1 : 1) was used
as a free standing electrode for a supercapacitor showing an
aerial capacity of 116 mF cm�2 at 26.7 mA cm�2. However, it was
observed that increasing the ratio of CNT decreases the tensile
strength while it increases the conductivity of the composite
yarn.

Addressing the very same problem, Ma et al.116 realized that
the decrease in tensile strength, observed in Yu's work,31 was
due to the use of oxidized CNTs. In particular, the authors
hypothesized that the increased amount of defects in the CNTs
would weaken the van der Waals interactions with the rGO
sheets. Therefore, un-functionalized MWCNTs were dispersed
in graphene oxide without pre-oxidation or surfactants, which
allowed a sample with a high conductivity and perfect structure
to be obtained, a sample which was used to prepare
CNT–reduced GO composite bers by wet-spinning followed by
reduction. The pristine MWCNTs increased the stress strength
of the parent rGO bers from 193.3 to 385.7 MPa and the
conductivity from 53.3 to 210.7 S cm�1. The wire-shaped
supercapacitors based on these CNT–rGO bers presented
a high volumetric capacitance of 38.8 F cm�3 and energy density
of 3.4 mW h cm�3.

Very recently, Sun et al.117 incorporated MoS2 and reduced
graphene oxide nano-sheets into MWCNT bers to fabricate
solid-state, asymmetric supercapacitors by using MoS2–rGO/
MWCNT and rGO/MWCNT bers as the anode and cathode,
respectively. Multiwall carbon nano-sheets (unrolled MWCNT)
were set on a polytetrauoroethylene (PTFE) substrate and drop
casted with 2Dmaterials such as rGO andMoS2. The peeled and
dried hybrid sheets were rolled up using a motor rotating at
200 rmp to obtain MoS2–MWCNT or rGO/MWCNT bers. The
conductivity of the bare MWCNT ber was found to be
approximately 300 S cm�1, which decreases with increasing the
amount of 2D nanosheets (200 S cm�1). The capacitance of
MoS2–MWCNT showed values even lower than those of
rGO/MWCNT which, according to the authors, was due to
non-ideal coupling between the 2D MoS2 nanosheets and the
1D MWCNT. Therefore, to improve MoS2 interaction with
MWCNTs, GO was mixed with MoS2 to prepare a MoS2–GO/
MWCNT hybrid ber which showed volumetric capacitance in
the range of 3–5 F cm�3 at a current density of 2 mA. Finally, an
asymmetric supercapacitor was fabricated by placing MoS2–rGO/
MWCNT and rGO/MWCNT bers in a parallel conguration on
a substrate, such as a glass slide or polyethylene terephthalate
(PET) lm, with a gap of approximately 0.5 mm, showing
16790 | J. Mater. Chem. A, 2016, 4, 16771–16800
a volumetric capacitance of 5.2 F cm�3 at a current density of
0.16 A cm�3.

Although carbon based materials like graphene and carbon
nanotubes have shown promising results in textile based
energy devices, their use imposes a hurdle for real applications
which lies in severe resistances in cell operations and there-
fore limitations in increasing the cell size and rate
performance.
4.2. Top-down approach

4.2.1. Textile supercapacitors. In this review, the top-down
approach denes a strategy in which a ready-made textile fabric
is used as a platform for building an energy storage device. It
differs from the bottom-up approach in that it does not require
the tedious and complex process of conductive ber/yarn
formation and uses already braided, knitted or woven textile
fabrics as a low density current collector when coated with
a conductive material. Moreover, the intrinsic roughness of
textile surfaces is ideal for many energy devices in which large
surface area is actually preferred. However, textile substrates are
not electrically conductive and require a conductive coating to
act as high mass loading substrate. In 2010 the Yi Cui group
introduced a textile based energy storage device by designing
a supercapacitor using highly conductive textile bers coated
with single wall carbon nanotubes.118 An ink of well-dispersed
SWCNTs was dip coated on cotton sheet and woven polyester
fabric to obtain a conductive textile with a sheet resistance of
�4 U cm�2. It was observed that the conductance was
increasing proportionally to the number of dippings in the
SWCNT ink, while soaking the conductive cotton sheets in 4 M of
nitric acid for 30 min resulted in decreasing the sheet resistance
by approximately three times. It was also observed that decreasing
the thickness of the conductive textile by mechanical pressing
resulted in an improved conductance. The SWCNT-based textile
conductor was then tested as both a charge storage and current
collector within a supercapacitor with 1 M LiPF6 electrolyte.
Values of 140 F g�1 and 80 F g�1, respectively, for polyester and
cotton at a current density of 20 mA cm�2 were achieved even
aer multiple stretching and 3000 cycles, with values for the
energy and power densities of 20 W h kg�1 and 10 kW kg�1,
respectively. Later on, the same group119 reported a faradaic
capacitor where solution-exfoliated graphene nanosheets were
conformably coated on porous textile polyester bers, serving as
conductive three-dimensional frameworks for subsequent
controlled electrodeposition of MnO2 nanomaterials. The
authors reported the resistance of the graphene-textiles to be
�700 U cm�2 aer 35 cycles of dip coating and drying at 120 �C.
They suggested that by tuning the graphene ink concentration
and the dipping number, conductive textiles with a range of sheet
resistances could be achieved. Finally, an asymmetric electro-
chemical supercapacitor with a graphene/MnO2-textile as the
positive electrode and SWNTs-textile as the negative electrode in
an aqueous Na2SO4 electrolyte solution was fabricated and
showed a gravimetric capacitance of 315 F g�1 while achieving
maximum power and energy density of 110 kW kg�1 and
12.5 W h kg�1, respectively. Furthermore, the same device
This journal is © The Royal Society of Chemistry 2016
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demonstrated an excellent cycling performance of �95% capac-
itance retention over 5000 cycles.

Inspired by Cui's attempt to coat CNTs on textile, Bao et al.120

converted cotton T-shirt textiles into activated carbon textiles
(ACTs) for energy storage applications through a traditional
dipping, drying and curing process. This technique involved
dipping cotton textiles in 1 M NaF solution, drying the
pre-treated textiles at 120 �C for 3 h in a pre-heated oven, and
annealing the dried textiles in a horizontal tube furnace at
800–1000 �C for 1 h under either vacuum or inert atmosphere
conditions. A supercapacitor based on these ACT electrodes
achieved specic capacitances of 26.1 F g�1 at a scan rate of
2 mV s�1. To improve the capacitance of the so realized super-
capacitor, the ACT electrodes were electrodeposited with MnO2

to prepare MnO2/ACT hybrid composite electrodes, which gave
a specic capacitance of 269.5 F g�1 at a scan rate of 2 mV s�1.
Finally, an asymmetric supercapacitor assembled with
MnO2/ACT as the positive electrode and ACT as the negative
electrode, using 1 M Na2SO4 aqueous solution as the electrolyte,
showed an overall specic capacitance of 120 F g�1 at a current
density of 1 mA cm�2 while the energy and power density that
resulted were equal to 66.7 W h kg�1 and 0.8 kW kg�1 at 1 mA
cm�2, respectively.

In another method,121 MWCNTs were coated uniformly onto
the cotton bers to make porous conductive cotton textile,
where MWCNTs formed an electrically conductive inter-con-
necting network. Aerwards, a exible, lightweight, cheap and
porous composite was synthesized by dispersing pseudo-
capacitive cobalt hydroxide onto the conductive cotton textile
sheet. The electrochemical results show that the unique exible
and porous composite has the ability to deliver a large area of
specic capacitance 11.22 F cm�2 and a good electrochemical
stability of 4% capacity loss aer 2000 cycles at rates up to
60 mA cm�2.

Xu et al.122 reported the fabrication and characterization of
PPy-coated cotton fabrics through in situ chemical polymeriza-
tion by using CuO nanoparticles as the template. The electrical
conductivity of the coated fabric increased dramatically from 1
to 10.0 S cm�1 with the introduction of CuO. The electro-
chemical properties of the obtained fabrics were examined by
cyclic voltammetry and charge/discharge analysis. An increase
of the scan rate in the range of 5–50mV s�1 was to found to have
a small effect on the specic capacitance for the fabric elec-
trode, pointing out the improved ion transportation in this
electrode. The charge/discharge test further revealed that the
fabric device could show a remarkable specic capacitance of
225 F g�1 at a current density of 0.6 mA cm�2 and a good cycling
performance (about 92% capacitance retention aer 200 cycles)
in aqueous electrolyte. Finally, the authors concluded that these
PPy-coated fabrics have the potential to be used as electrode
materials for wearable supercapacitors.

Among two dimensional textile substrates, carbon cloth is an
inexpensive, conducting textile with a high surface area and
excellent strength. For energy storage applications, the large
pores of the cloth together with the smaller micro and nano-
pores from the added polymer acting as a covering result in
a hierarchical, almost scale invariant, pore distribution that
This journal is © The Royal Society of Chemistry 2016
facilitates the diffusion of electrolyte into the electrode mate-
rial. Beneting from these properties, Wang et al.123 coated
a composite formed by nitrogen doped graphene (NG), poly-
acrylic acid (PAA) and PANI on carbon cloth bers to realize an
electrode for 3-D supercapacitors. The optimal carbon cloth
electrode had 32% polyaniline and 1.3% nitrogen doped gra-
phene in polyacrylic acid. The authors mentioned that the
conductivity of the as-prepared NG-PAA/PANI electrodes
depends on the concentration of polyacrylic acid and showed an
optimum value of 0.077 S cm�1 when the concentration of PAA
was 0.02 mM. Finally, two carbon cloths coated with NG-PAA/
PANI and separated by a 0.1 mm thick H2SO4/PVA gel electrolyte
membrane provided a capacitance of 521 F g�1 at 0.5 A g�1, with
energy and power densities of 5.8 W h kg�1 and 1.1 kW kg�1,
respectively, while maintaining 83% of the capacitance for more
than 2000 cycles.

Instead of carbon cloths, Xue et al.124 used a natural cotton
mat (CM) with a thickness of 0.5 mm which was converted into
carbon cotton mat (CCM) by thermal annealing at 1000 �C for
1 h under vacuum. Owing to the thermal treatment, the formed
CCM could show highly conductive properties with a typical
sheet resistance of 5 U cm�2. Furthermore, the formed CCMs
were exible enough to be folded and rolled into a multilayer
structure. To construct a supercapacitor, a thin CM (ca. 0.4 mm
in thickness) soaked with 1.0 M Na2SO4 acting as a separator
was sandwiched between two pieces of CCM acting as the
electrodes. The result was an area-specic capacitance of 0.7 mF
cm�2 at a current density of 11.2 mA cm�2. Moreover, during
the folding process from 0 to 180 degrees, and back to the initial
state, the CVs of the all CCMs retained rectangular shapes and
remained almost unchanged at a high scan rate of 10 V s�1.

CCM based supercapacitors are also the topic of the work of
Li et al.125 where the authors processed CM by nitrogen doping.
Indeed, instead of vacuum conditions, the authors thermally
treated the CM under a ow of Ar and NH3, where NH3 reacts
with the carbon in cotton, forming a microporous structure of
an N-doped carbon cotton mat. However, the mass loading and
sheet resistance of the nitrogen doped cotton mat were not
mentioned, making it difficult to compare their results with
previous reports. Furthermore, instead of 1 M Na2SO4 as the
electrolyte salt, the authors used 1.0 M H2SO4 and they showed
a specic capacitance of 207 F g�1 at a current density of
1.0 A g�1. With current density increase, the specic capaci-
tance decreased to 177 F g�1 at a current density of 14 A g�1.
Finally, the reported retention performance was 86% while the
current density was varied from 1.0 A g�1 to 14 A g�1.

In another work,126 a commercially available copper plated
polyethylene terephthalate (Cu/PET) conductive textile (resis-
tance 0.06–0.08 U cm) was chosen as the substrate and electro-
chemically coated/grown with 1.2–1.3 mm thick hierarchical
nickel-cobalt layered double hydroxide (Ni-Co LDH) nanosheets
(see Fig. 13). The lateral size of the nanosheets was 200–400 nm
while their thickness was in the range 10–12 nm. To test the
feasibility of this composite for realizing pseudocapacitor elec-
trodes, the electrochemical characteristics of the as-prepared
Ni-Co LDH NSs conductive textile electrodes were investigated in
a three-electrode electrochemical cell using Ag/AgCl as the
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16791
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Fig. 13 (a–c) Fabrication process of hierarchical Ni-Co-LDH NSs on CTs. (d) Charge–discharge profile of conductive textile substrate based
supercapacitor. (e) Cycling performance at a current density of 10 A g�1. Reproduced from ref. 126 with the permission of the Royal Society of
Chemistry.
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reference electrode and 1 M KOH solution as the electrolyte.
When a current density of 10 A g�1 was applied, a capacitance
value of 1410.2 F g�1 was achieved for the rst cycle with
a capacitance retention of 89.5% aer 2000 charge–discharge
cycles.126

In a similar work, Javed et al.127 realized an electrode by using
carbon textile (CT) as the conductive substrate while using
a hydrothermal method to assemble zinc sulde (ZnS) nano-
spheres on top of the CT. The mass density of the ZnS active
material was about 0.20 mg cm�2. In terms of the exhibited
capacitance, the ZnS-CT electrode showed a capacitance of
747 F g�1 at a scan rate of 5 mV s�1 in LiCl aqueous electrolyte.
Furthermore, a exible supercapacitor was assembled with two
pieces of electrode in a face-to-face conguration separated by
a solid state electrolyte LiCl–PVA gel and a separator (Whatman
8 mm lter paper). In this case, the specic capacitance gave
values of 540 F g�1 at a scan rate of 5 mV s�1 and 305 F g�1 at
a scan rate of 75 mV s�1. The ZnS-CT symmetric supercapacitor
also exhibited an energy density of 51 W h kg�1 measured at
a power density of 205 W kg�1. Remarkably, even at higher
power density such as 822 W kg�1, the supercapacitor was able
to show an energy density of 22.66 W h kg�1.

Very recently, Guo et al.128 coated polyester fabric with gra-
phene oxide sheets and reduced it to obtain a conductive
rGO@polyester composite fabric. The lowest resistance of the
conductive fabric was 384 U cm�2. Thereaer, MnO2 with
controlled morphology (rods and sheets) and with a mass
loading of 0.345 mg cm�2 was deposited on the rGO@polyester
composite fabric using a hydrothermal method. The authors
observed that, with respect to the MnO2 rod layers, ultrathin
sheet layers of MnO2 formed a hierarchically pore structure,
capable of providing a larger active surface area for rapid faradic
redox reactions and hence a better diffusion of ions. A
16792 | J. Mater. Chem. A, 2016, 4, 16771–16800
solid-state exible MnO2/graphene/polyester supercapacitor
device was then assembled by sandwiching two electrolyte-
coated fabrics, giving a capacitance of 265.8 F g�1 at a scan rate
of 2 mV s�1, with an 87% retention aer 1000 cycles.

In another top-down approach,129 exible polyaniline and
rGO coated polyester cloth (PANI/rGO/PETC) was successfully
prepared by coating rGO on polyester cloth and subsequently
depositing PANI nanowire arrays on rGO/PETC. The sheet
resistance of the composite cloth was 316 U cm�2 with a mass
loading of 0.345 mg cm�2. The average length of these PANI
nanowires was around 430 nm which accounted for 7.9 wt% of
the total mass loading including rGO. A fully symmetric
supercapacitor made of two conductive cloths separated by
a H2SO4/PVA gel electrolyte showed a specic capacitance of
251 F g�1 at a scan rate of 5 mV s�1 with 95% capacity retention
for 3000 cycles.

4.2.2. Textile batteries. Due to the structural deformations
and low mass loading typical of active materials, constructing
a ber based battery is presently a challenging task. However, it
is well accepted that standard textile fabrics with high porosity
could provide an ideal platform for high mass loading of active
materials. The rst example of a ber-based battery came from
the Yi Cui group where they extended their concept of a textile
supercapacitor to lithium ion batteries.130 In particular, they
developed a Li-ion battery based on conductive textiles with
a mass loading of �168 mg cm�2 and a thickness of �600 mm,
the former claimed to be 8–12 times greater than the typical
mass load on a metal collector. A polyester textile ber was dip
coated with CNTs to achieve a conductive textile current
collector with a thickness of �2 mm and a surface conductivity
of �1300 S cm�1. Slurries of LTO and LiFePO4 were dip coated
on the conductive textile to fabricate the electrode which was
used in a coin cell formation using a 1 M solution of LiPF6 in
This journal is © The Royal Society of Chemistry 2016
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Fig. 14 (a) A schematic representation of a rollable display supported by a multi-stacked textile battery underneath. The detailed cell config-
uration, consisting of the textile-based electrodes and PU separator, is also presented. (b) A schematic illustration of the large area textile battery
module. The single-cells with 1.8 V and 25 mA h are connected in series. The partial module (green area), consisting of 4 single-cells, delivers 7.2
V and 25 mA h, and the entire module, consisting of 16 single-cells, delivers 28.8 V and 25mA h. (c and d) Various potential applications based on
large area multi-stacked Li-ion textile batteries. Photographs of multi-stacked textile batteries attached onto (c) an outdoor tent and (d) a roller
blind on a building window. (e) Charge–discharge curves of a full lithium ion battery with (f) cycling performance. Reprinted from ref. 133 with the
permission of Royal Society of Chemistry.

Fig. 15 (a) Schematic for the construction of a full lithium ion battery.
(b) Comparative capacity decay of LTO and LTO/GF at different C
rates. Reproduced from ref. 136 with the permission of the National
Academy of Science.
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ethylene carbonate (EC)/diethyl carbonate (DEC) (1 : 1 v/v) as
the electrolyte. A full cell based on this conductive textile gave
a specic capacity of 160 mA h g�1 with a Coulombic efficiency
of 95% aer 30 cycles. Furthermore, when an LTO based
conductive textile was tested against a lithium counter elec-
trode, the capacities reached 180 mA h g�1 which was main-
tained for 350 cycles with a Coulombic efficiency of 95%. The
authors concluded that 3D textile current collectors not only
provide an extremely simple method for increasing the mass
loading of the electrode materials, but also lead to a much
better performance in terms over potential and impedance of
the device.

In another example, Gaikwad et al.131 used commercially
available fabrics made from silver coated nylon threads weaved
onto a rubber matrix. A rst piece of this fabric was completely
soaked with MnO2 ink (mixture of MnO2, graphite, binder, and
water) to make the cathode, while a second piece underwent the
same process with Zn ink (mixture of Zn, ZnO, Bi2O3, binder,
and ethylene glycol solvent) to make the anode. The MnO2 and
Zn electrodes showed an average loading of 16 mg cm�2 and
18 mg cm�2, respectively. The embedded fabrics were then used
to make a primary MnO2–Zn alkaline cell showing a capacity of
3.875 mA h cm�2.

Recently, Lee et al.132 demonstrated a fully functional wear-
able textile battery by using unconventional materials for all of
the key battery components including Ni-coated polyester yarn
as a current collector for efficient stress release, a polyurethane
This journal is © The Royal Society of Chemistry 2016
(PU) binder for strong adhesion of the active materials, and a PU
separator for superior mechanical, electrochemical, and
thermal properties. Woven polyester yarns were selected as the
textile substrate, and Ni was coated onto the surface of each
yarn by an electroless deposition method. The sheet resistance
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16793
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Table 3 Dimensions, configurations and electrochemical performance of supercapacitors and batteries using the bottom-up approach

Materials
Structural
conguration

Fiber diameter
(mm)

Conductivity/
resistance

Tensile
strength Electrochemical performance Ref.

Graphene based supercapacitor
HI-rGO Parallel 35 10 000 S m�1 N/A 3.3 mF cm�2 at 0.1 mA cm�2 for 1000

cycles
70

N2H4-rGO Parallel 100 700 S m�1 N/A 2.5 mF cm�2 at 0.1 mA cm�2 for 1000
cycles

70

PANI-HI-HI-rGO (chemical) Parallel 35 700 S m�1 N/A 66.6 mF cm�2 at 0.1 mA cm�2 for 1000
cycles

70

GO@CMC Twisted 50 core 25 shell 7000 S m�1 73–116Mpa 127 mF cm�2 at 0.1 mA cm�2 74
rGO Parallel 30 2508 S m�1 293 Mpa 409 F g�1 at 1 A g�1 for 5000 cycles 22
GF@3D-G (electrochemical) Coaxial 30 10 S cm�1 180 Mpa 1.2–1.7 mF cm�2 at a scan rate of 30

mV s�1 for 500 cycles
76

GF@3D-G@MnO2

(electrochemical)
Coaxial 30 10 S cm�1 180 Mpa 9.1–9.6 mF cm�2 at 100 mV s�1 for

1000 cycles
21

GF@3D-G (dip coating) Coaxial 150 60 S cm�1 N/A 208.4 mF cm�2 at 1.1 mA cm�1 for
10 000 cycles

20

rGO–GO–rGO (Laser) All in one
ber

70 N/A 150 Mpa 2.4 mF cm�2 at 200 mA cm�2 for 1000
cycle

73

CNPs/rGO-CT Twisted 0.8 mm N/A 31.21 Mpa 3.79 mF cm�3 at 50 mV s�1 77
rGO@Ni@polyester Parallel 500 1.48 U cm�1 N/A 49.4 mF cm�2 at 1.0 mA cm�2 78

Carbon nanotubes based supercapacitors
SF-CNT@PVA@CNT Coaxial 43 102 to 103 S cm�1 102 to 103

Mpa
60 F g�1 or 8.66 mF cm�2 at current of
0.1 mA for 10 000 cycles

82

SF-CNT@PVA@CNT Coaxial N/A N/A N/A 15 F g�1 at scan rate of 50 mV s�1 25
MF-CNT@PVA@CNT@PVA Coaxial 500 N/A N/A 20 F g�1 at scan rate of 50 mV s�1 25
RF@PVA@CNT@PVA@CNT Coaxial 615 N/A N/A 20 F g�1 at current density of 0.1 A g�1 83
RF@PVA@CNT-
OMC@PVA@CNT-OMC

Coaxial 615 N/A N/A 20 F g�1 at current density of 0.1 A g�1 83

CNT-ber/CNT-MnO2 Coaxial 31 N/A N/A 16.87 mF cm�2 at current density of
1.1 mA cm�2

84

CNT@CMC Twisted 50 core 2–5
shell

N/A N/A 47 mF cm�2 at the current density of
0.1 mA cm�2

74

OMC–MWCNT Twisted 30–140 NA N/A Of 39.7 mF cm�2 a current of 1.0 �
10�5 A

87

SWNT@CHI Twisted 50–150 38.98 S cm�1 76 Mpa 7.1 mF cm�2 at a current density of
0.05 mA cm�2

86

SWNT@C Twisted 50–150 601.8 S cm�1 110 Mpa 37.1 mF cm�2 at a current density of
0.05 mA cm�2

86

Nylon@CNT@MnO2 Coiled 102 NA 8 Mpa 40.9 mF cm�2 at a scan rate of 10 mV
s�1

85

CNT springs Parallel Diameter 65
pitch 30

102 to 103 S cm�1 82.7 Mpa 27.07 mF cm�2 at 150 mA cm�3 88

Bare MWCNT Parallel 20 103 S cm�1 1.3 Gpa 3.01 mF cm�2 at 1.67 A g�1 for 1000
cycles

89

MWCNTS@MnO2 Parallel 20 103 S cm�1 1.3 Gpa 3.16 mF cm�2 at 1.67 A g�1 for 1000
cycles

89

MnO2@PEDOT:PSS@CNT
and OMC/CNT

Twisted N/A 102 to 103 CNT
core

162 Mpa 13.3 F cm�3 at 2.38 A cm�3 for 10 000
cycles

90

CNT@PU Parallel N/A N/A N/A 24 F g�1 for 500 cycles 1

Carbon nanotubes ber based lithium ion battery
CNT@LTO (anode)
CNT@LMO (cathode)

Twisted Diameter 65
pitch 30

102 to 103 S cm�1 82.7 Mpa 92.4 mA h g�1 at current density of 0.1
mA cm�1 for 300 cycles

88

Li-wire (anode) CNT@MnO2

(cathode)
Twisted 2 to 30 103 S cm�1 1.3 Gpa 218.32 mA h g�1 at a current of 5 �

10�4 mA
89

Li wire (anode) MWCNT@Si
(cathode)

Twisted 30 to 60 N/A N/A 3537 mA h g�1 for 50 cycles with 58%
retention

92

CNT@LTO (anode)
CNT@LMO (cathode)

Twisted 130 and 70 N/A N/A 138mA h g�1 at 0.01 mA for 200 cycles
with 80% retention

59

CNT@Si@CNT (anode)
CNT@LMO (cathode)

Twisted 2 mm N/A 250 Mpa 106.5 mA h g�1 at 1 C for 100 cycles
with 94% retention

93

16794 | J. Mater. Chem. A, 2016, 4, 16771–16800 This journal is © The Royal Society of Chemistry 2016
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Table 3 (Contd. )

Materials
Structural
conguration

Fiber diameter
(mm)

Conductivity/
resistance

Tensile
strength Electrochemical performance Ref.

CNT@LTO (anode)
CNT@LMO (cathode)

Twisted 160 and 130
mm

N/A N/A 91.3 mA h g�1 at 0.1 mA cm�1 94

Li wire (anode) and CNT
(cathode)

Twisted N/A N/A N/A 12 470 mA h g�1 at 1400 mA g�1 for
100 cycles

95

Metallic core based ber supercapacitors
SS@rGO@MnO2 Ppy Coaxial 180–250 2.5 S cm�1 700 Mpa 411 mF cm�2 at 0.55 A cm�3 98
SS@Chinese
ink@GE@C@silver

Coaxial 140 N/A N/A 3.18 mF cm�2 at 16 mA cm�1 104

Pt@CNT Coaxial 70 5.5 � 106 S m�1 550 Mpa 52.5 mF cm�2 at scan rate of 5 mV s�1 48
Au@rGO Coaxial 100 N/A N/A 0.726 mF cm�2 at current densities of

2.5 mA cm�1
105

Pt/PEDOT/MWNT Twisted 45 N/A 367 Mpa 73 mF cm�2 at 1 V s�1 106
SS@Ppy braided with
polyester

Coaxial 180–250 2.5 S cm�1 700 Mpa 1.79 mF cm�1 at a current density of 5
mA cm�1 for 1000 cycles

107

Cotton@Ni@RGO Coaxial 450 Resistivity 1.3 U

cm�1
N/A 292.3 F cm�3 at a current density of

87.9 mA cm�3 for 10 000 cycles
109

Ti@MnO2 Double helix 150 titanium N/A N/A 15.6 mF cm�2 current density of 0.03
mA cm�2

111

NiTi@MnO2@Ppy Twisted 300 N/A N/A 198.2 F g�1 current density of 1 A g�1

for 20 000 cycles
112

PTh@Ti Twisted 1 mm N/A N/A 71.84 mF cm�2 at 5 mV s�1 for 3000
cycles

113

CNT@TiO2@Ti Twisted 127 (core) 160 U N/A 1.04 mF cm�2 at 0.1 V s�1 for 1000
cycles

114

Ti/TiO2/MoS2 Twisted 65 N/A N/A 230.2 F g�1 at 5 mV s�1 115
Ppy@MnO2@NiTi/steel Twisted 350 N/A N/A 198.2 F g�1 at 1 A g�1 2
Ppy@G@Ppy@steel Twisted 350 N/A N/A 114.2 mF cm�2 at 1 mA cm�2 for 2000

cycles
3

Ppy@Fe3O4@steel Twisted 350 N/A N/A 61.4 mF cm�2 at 10 mV s�1 5

Carbon nanotube and graphene hybrid supercapacitor (synergetic effect)
RGO@CNT@CMC Coaxial 50 core 25 shell 7000 S m�1 73–116Mpa 177 mF cm�2 at 0.1 mA cm�2 74
CNT : rGO (1 : 4) Coaxial 60 10 S cm�1 80 Mpa 45 F cm�3 at 26.7 mA cm�3 31
FWNTs : rGO (1 : 4) Coaxial 24 210 S cm�1 385 Mpa 38.8 F cm�3 at 50 mA cm�3 116
MoS2–GO/MWCNT Coaxial N/A 200 S cm�1 N/A 3–5 F cm�3 at current density of 2 mA. 117
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of the Ni-coated textile reached 0.35 U cm�2, being as small as
the resistance of typical metal foils. In order to test the elec-
trochemical performance of the wearable textile, a battery
consisting of an LTO anode and a LiFePO4 (LFP) cathode was
realized, showing a gravimetric capacity around 100 mA h g�1

for 100 cycles with 80% Coulombic efficiency.
Inspired by Lee's work, Kim et al.133 extended their concept of

wearable energy storage devices for real world applications by
expanding the use of textile batteries to a large area of multi-
stacked platforms to cover emerging outdoor, building and
military applications. To construct such a kind of battery,
a polyester textile was dip coated with nickel sulfate solution to
obtain a conductive textile. The typical sheet resistance of the Ni-
coated textile was 0.35U cm�2, which is approximately 2–3 orders
of magnitude lower than those based on the widely adopted dip
coating of carbon based materials. Using a doctor blade, slurries
of lithium iron phosphate (LiFePO4) and LTO, respectively, as the
cathode and anode active materials were coated on the conduc-
tive textile. Electrochemical testing was performed by preparing
an aluminum pouch with 1 M LiPF6 dissolved in a mixture of
This journal is © The Royal Society of Chemistry 2016
ethylene carbonate (EC) and dimethyl carbonate (DMC). A multi-
stacked platform was constructed by joining 16 cells in series
where each single-cell could deliver 1.8 V, and hence a total of
28.8 V with a capacity of 25 mA h for the given area of 5 � 5 cm2.
Interestingly, the assembled cells were capable of retaining
93.4% of their initial capacity aer 30 cycles (Fig. 14).

In another method,134 hierarchical three-dimensional
ZnCo2O4 nanowire arrays were hydrothermally synthesized on
a carbon cloth as the anode, which was paired with a LiCoO2/Al
cathode and sealed in a exible plastic package. The ZnCo2O4

nanowires showed typical diameters in the range 80–100 nm
with a length of about 5 mm. The so formed exible battery
presented an output voltage of 3.4 V with a reversible capacity of
1300 mA h g�1 for 40 cycles.

Even though some interesting results regarding exible
batteries have been obtained, one of the main drawbacks about
this technology is the use of a liquid electrolyte. The use of
a solid-state electrolyte, such as the lithium phosphorus oxy-
nitride electrolyte (LiPON), was then proposed making possible
the concept of a exible metal-lithium anode.135
J. Mater. Chem. A, 2016, 4, 16771–16800 | 16795

http://dx.doi.org/10.1039/c6ta06437j


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 1
3 

Se
pt

em
be

r 
20

16
. D

ow
nl

oa
de

d 
by

 F
re

ie
 U

ni
ve

rs
ita

et
 B

er
lin

 o
n 

04
/1

1/
20

16
 0

3:
42

:3
6.

 
View Article Online
Using a different approach, Li et al.136 used a graphene foam
(GF) consisting of 3D interconnected networks of high-quality
chemical vapor deposition-grown graphene sheets. This kind
of structure, resembling a textile, could, indeed, be used as
a fast transport channel of charge carriers with an electrical
conductivity of �1000 S m�1. Moreover, GF is extremely light
(�0.1 mg cm�2 with a thickness of �100 mm) and exible. It
possesses a high porosity of �99.7% with a high specic
surface area and can be bent to arbitrary shapes without
breaking. Using the GF network as both a highly conductive
pathway for electrons and ions (by exploiting its porosity
through the insertion of electrolyte) and a 3D interconnected
current collector, they developed thin, lightweight, and exible
LiFePO4/GF and LTO/GF electrodes by in situ hydrothermal
deposition of the active materials on GF followed by heating in
an argon atmosphere. The electrochemical behaviors of both
electrodes were tested separately against lithium metal,
nding remarkable lithium insertion/extraction properties.
For comparison, it must be noted that the charge and
discharge capacities of LTO and LTO/GF showed a similar
behavior. However, at high charge/discharge rates (1C, 30C
Table 4 Dimensions, configurations and electrochemical performance

Substrate
Conductive
material

Thickness
(mm)

Conductance/
resistance

Supercapacitors
Cotton SWNT ink �80 125 S cm�1

Cotton SWNT ink/MnO2 �80 125 S cm�1

Polyester Graphene ink N/A 700 U cm�2

Polyester Graphene/MnO2 N/A N/A
Cotton ACT electrode N/A 10–20 U cm�2

Cotton MnO2/ACT N/A 10–20 U cm�2

Carbon cloth Carbon cloth N/A 0.077 w/o PANI
Cotton Carbon 0.5 mm 5 U cm�2

Cotton N-doped carbon N/A N/A
Cu/PET
conductive
textile

Cu/PET
conductive
textile

1.2–1.3 0.06–0.08U cm

Carbon textile Carbon textile 1.13mmwhole
device

N/A

Polyester rGO N/A 384 U cm�2

Lithium ion battery

Substrate
Conductive
material

Thickness
(mm)

Conductance/
resistance

Polyester CNT 500 1300 S cm�1

Polyester CNT 500 1300 S cm�1

Planner carbon
cloth

Carbon N/A N/A

Nylon Silver N/A N/A

Polyester Nickel N/A N/A
Graphene foam N/A 800 N/A

16796 | J. Mater. Chem. A, 2016, 4, 16771–16800
and 200C) LTO/GF showed a specic capacity of about 170, 160
and 135 mA h g�1, respectively (Fig. 15) while the bare LTO
electrode at 200C showed zero specic capacity. In the case of
a lithium iron phosphate cathode, the specic capacity of the
LFP/GF electrode at a 50C discharge rate was 98 mA h g�1.
Finally, a exible LFP/GF cathode and an LTO/GF anode with
a thickness of�100 mmwere rst laminated onto the two sides
of a polypropylene separator, then sealed with �250 mm-thick
poly(dimethyl siloxane) (PDMS) in an Ar-lled glove box using
LiPF6 in ethylene carbonate/dimethyl carbonate as the elec-
trolyte. The total thickness of this exible full battery was less
than 800 mm showing an initial discharge capacity of
�143 mA h g�1 with a Coulombic efficiency of 98% at a 0.2C
rate, while the energy density of this lightweight battery was
�110 W h kg�1 based on the total mass of the LTO/GF anode
and LFP/GF cathode.
5. Concluding remarks

In this review, we have introduced the fundamental concepts
underlying two of the most promising electrochemical energy
of supercapacitors and batteries using the top-down approach

Mass loading Electrochemical performance Ref.

0.24 mg cm�2 50 F g�1 at 1 mA cm�2 for 3000 cycles 118
1.60 mg cm�2 150 F g�1 at 1 mA cm�2 for 3000 cycles 118
1.5 mg cm�2 50 F g�1 at scan rate of 2.2 mV s�1 119
3 mg cm�2 315 F g�1 at scan rate of 2.2 mV s�1 119
N/A 26.1 F g�1 at 50 mV s�1 120
N/A 269.5 F g� 1 at scan rate of 2 mV s�1 120
4 mg cm�2 521 F g�1 at 0.5 F g�1 for 2000 cycles 123
N/A 0.7 mF cm�2 at a current density of 11.2

mA cm�2
124

N/A 207 F g�1 at a current density of 1.0 A g�1 125
�0.30 � 0.02 mg
cm�2

1410.2 F g�1 at 10 A g�1 for 2000 cycles 126

0.20 mg cm�2 540 F g�1 at scan rate of 5 mV s�1 127

0.345 mg cm�2 265.8 F g�1 at scan rate of 2 mV s�1 128

Active material/
mass loading Electrochemical performance Ref.

LiFePO4 142 mg
cm�2

160 mA h g�1 with a Coulombic efficiency
of 95% for 30 cycles at 500 mA g�1

130

Li4Ti5O12 145 mg
cm�2

162 mA h g�1 and maintained for 350
cycles with Coulombic efficiency of 95%

130

ZnCo2O4 0.3–0.6
mg cm�2

1300 mA h g�1 for 40 cycles 134

MnO2 ink and Zn
ink with 16 and
18 mg cm�2

3.875 mA h cm�2 131

LTO and LFP 100 mA h g�1 at 85 mA g�1 for 30 cycles 132
Li4Ti5O12 and
LiFePO4

143 mA h g�1 at 0.2 C for 100 cycles 136

This journal is © The Royal Society of Chemistry 2016
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storage devices, namely super/pseudo-capacitors and lithium-
ion batteries, and we have discussed their use when combined
with textiles (bers, yarns and nished products) to realize
textile based electrochemical storage devices.

In particular, in Section 2 we have provided the basic tools
for understanding and evaluating the performance of both
lithium-ion batteries and super/pseudo-capacitors, such as
capacity, energy density, power density, Crate and capacitance.
In Section 3 we have introduced the fundamentals of textile
fabrics, as they originate from yarns which, in turn, are formed
by bers. Regardless of the natural or synthetic origin of this
material, bers must show adequate strength, exibility, elas-
ticity, and ber cohesiveness in order to be used for textile
applications. Furthermore, absorption/desorption characteris-
tics also play an extremely important role when the bers have
to be ion collectors, namely to work as batteries or
supercapacitors.

In Section 4 we have classied the strategies used for fabri-
cating these kinds of devices in bottom-up and top-down
approaches. The former technique uses existing natural bers
which are transformed into conductive electrodes or, alterna-
tively, takes conductive materials to fabricate ber electrodes.
The latter technique transforms, instead, a nal textile product
into an energy storage device. In particular, most of the current
work following the bottom-up approach is focused on using
graphene and carbon nanotube based bers to fabricate
supercapacitors in various geometrical arrangements such as
parallel, twisted and coaxial congurations (Table 3). Although
some work has also been done on metallic bers, their high
density and structural rigidity is presently hampering their use
in textile energy devices. Similarly, the top-down approach
involves carbon materials, including activated carbon, gra-
phene, carbon nanotubes and their composites (Table 4). The
reason these materials are used in both approaches lies in their
very low equivalent series resistance, which is a suitable char-
acteristic for high power applications, and in their extended
surface area, which is highly desirable for energy applications.
Furthermore, one of the advantages of using a top-down
approach is the possibility to fabricate 3D-porous substrates
which allow for a high mass loading of the active material per
unit area.

Whenever possible, the references described in this review
have been compared through the most important parameters
dening both a textile ber and an electrochemical storage
device. These parameters include the electrode ber congu-
ration, ber diameter, tensile strength, capacitance, charge/
discharge capacity, Coulombic efficiency and capacity reten-
tion. Among them, special attention must be dedicated to the
areal capacitance since the average human body has only
a 1.5 m2 exposed surface.

Interestingly, few works have been found on textile LIBs with
respect to super/pseudo-capacitors. The reason lies in the lack
of suitable active materials. In fact, nowadays battery active
materials have the drawback of being structurally rigid, which
in turn means a reduced exibility for textile energy storage
systems.
This journal is © The Royal Society of Chemistry 2016
Another issue towards the actual realization of effective
textile energy storage systems is the development of scalable
materials, inasmuch as most reports show the production of
only small amounts of material.

For all the aforementioned reasons, future energy textile
reports will likely have a strong focus on the development of
energy yarns, given that textile designers or engineers will be
able to design full fabrics based on specied amounts of yarn.
The overall results will, however, strongly depend on the
accessibility to industrial weaving or knitting equipment, as the
last but not least ingredient to be considered for a successful
realization of an effective textile energy storage device.
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X. Lepró, G. M. Spinks, R. H. Baughman and S. J. Kim, Sci.
Rep., 2015, 5, 9387.

86 Q. Meng, H. Wu, Y. Meng, K. Xie, Z. Wei and Z. Guo, Adv.
Mater., 2014, 26, 4100–4106.

87 J. Ren, W. Bai, G. Guan, Y. Zhang and H. Peng, Adv. Mater.,
2013, 25, 5965–5970.

88 Y. Zhang, W. Bai, X. Cheng, J. Ren, W. Weng, P. Chen,
X. Fang, Z. Zhang and H. Peng, Angew. Chem., Int. Ed.,
2014, 53, 14564–14568.

89 J. Ren, L. Li, C. Chen, X. Chen, Z. Cai, L. Qiu, Y. Wang,
X. Zhu and H. Peng, Adv. Mater., 2013, 25, 1155–1159.

90 X. Cheng, J. Zhang, J. Ren, N. Liu, P. Chen, Y. Zhang,
J. Deng, Y. Wang and H. Peng, J. Phys. Chem. C, 2016,
120, 9685–9691.

91 S. Goriparti, E. Miele, F. De Angelis, E. Di Fabrizio,
R. Proietti Zaccaria and C. Capiglia, J. Power Sources,
2014, 257, 421–443.

92 H. Lin, W. Weng, J. Ren, L. Qiu, Z. Zhang, P. Chen, X. Chen,
J. Deng, Y. Wang and H. Peng, Adv. Mater., 2014, 26, 1217–
1222.

93 W. Weng, Q. Sun, Y. Zhang, H. Lin, J. Ren, X. Lu, M. Wang
and H. Peng, Nano Lett., 2014, 14, 3432–3438.

94 Y. Zhang, W. Bai, J. Ren, W. Weng, H. Lin, Z. Zhang and
H. Peng, J. Mater. Chem. A, 2014, 4, 11054–11059.

95 Y. Zhang, L. Wang, Z. Guo, Y. Xu, Y. Wang and H. Peng,
Angew. Chem., Int. Ed., 2016, 55, 4487–4491.

96 J. Deng, Y. Zhang, Y. Zhao, P. Chen, X. Cheng and H. Peng,
Angew. Chem., Int. Ed., 2015, 54, 15419–15423.

97 M. R. Lee, R. D. Eckert, K. Forberich, G. Dennler,
C. J. Brabec and R. A. Gaudiana, Science, 2009, 324, 232–235.
This journal is © The Royal Society of Chemistry 2016
98 Y. Huang, H. Hu, Y. Huang, M. Zhu, W. Meng, C. Liu, Z. Pei,
C. Hao, Z. Wang and C. Zhi, ACS Nano, 2015, 9, 4766–4775.

99 H. Yan, H. Hong, H. Yang, Z. Minshen, M. Wenjun,
L. Chang, P. Zengxia, H. Chonglei, W. Zuankai and
Z. Chunyi, ACS Nano, 2015, 9, 4766–4775.

100 Y. Huang, Y. Huang, M. Zhu, W. Meng, Z. Pei, C. Liu, H. Hu
and C. Zhi, ACS Nano, 2015, 9, 6242–6251.

101 Y. Huang, H. Li, Z. Wang, M. Zhu, Z. Pei, Q. Xue, Y. Huang
and C. Zhi, Nano Energy, 2016, 22, 422–438.

102 Y. Huang, M. Zhu, Z. Pei, Q. Xue, Y. Huang and C. Zhi, J.
Mater. Chem. A, 2016, 4, 1290–1297.

103 Y. Huang, M. Zhu, Y. Huang, H. Li, Z. Pei, Q. Xue, Z. Liao,
Z. Wang and C. Zhi, J. Mater. Chem. A, 2016, 4, 4580–4586.

104 D. Harrison, F. Qiu, J. Fyson, Y. Xu, P. Evans and
D. Southee, Phys. Chem. Chem. Phys., 2013, 15, 12215.

105 Y. Li, K. Sheng, W. Yuan and G. Shi, Chem. Commun., 2013,
49, 291–293.

106 J. A. Lee, M. K. Shin, S. H. Kim, H. U. Cho, G. M. Spinks,
G. G. Wallace, M. D. Lima, X. Lepró, M. E. Kozlov,
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